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__________________ Abstract__________________
We investigate the results of different spectroscopic characterisation techniques 
on different semiconductor laser structure pre-fabrication wafers, in view of early stage 
in-line monitoring in the growth industry.
We report non-contact, non-destructive angle- (<9-) and temperature- (T-) 
dependent photo-modulated reflectance (PR) studies on visible resonant-cavity light- 
emitting diodes (RCLEDs). We use lineshape fitting of the PR spectra, the PR 
“modulus”, the PR “amplitude resonance”, the PR “symmetiy”, and the “virtual As2 
plot” techniques, to determine the energies of several quantum well (QW) transitions 
and the relative position of the cavity mode (CM) and the QW ground state energies.
We present results of front- and edge-EL performed on a series of different visible 
edge-emitting laser (EEL) and vertical-cavity surface-emitting laser (VCSEL) 
structures. We show the existence of a wavelength shift between the front- and TE 
polarised edge- EL peaks of the EELs and we demonstrate how to obtain the true 
absorption wavelength from the TE polarised edge-EL peaks of the VCSELs. We 
finally explain the potential of the edge- EL TM polarisation to determine the strain in a 
structuie.
We show that the ^dependent reflectance (R) measurements perfoimed on 850 
nm infrared VCSELs give information about several QW transitions. Indeed, we believe 
that the changes in the CM dip area, its FWHM and depth are closely related to the QW 
dielectric function. This is corroborated by PR analyses and EL measurements.
We report 6*-dependent PR measurements performed on a 980 mn infrared 
VCSEL. We show that the “symmetry” theory must be used, rather than the 
“resonance” theory. We define the conditions necessary for the use of the symmetry 
theory and we demonstrate its potential for the characterisation of samples such as this 
one: it is possible to obtain the QW ground state transition energy from only two PR 
spectra measuied at different <9.
We report non-destructive electro-modulated reflectance (ER) measurements 
perfonned on 1450 nm EELs. A comprehensive analysis of the ER, including lineshape 
fitting, the ER “modulus” method and theoretical calculations, allows the deteimination 
of several QW transition energies and the bandgap energy of the barrier and the 
waveguide-core material, and the refinement of crucial parameters such as the 
composition o f the barrier, waveguide-core and QW layers. These results are 
corroborated by PR and photo-luminescence measurements, as well as spontaneous 
emission measurements perfonned on corresponding devices. Finally, the strength of 
the built-in electric field in the structure is determined by the analysis of the Franz 
Keldysh Oscillations in the waveguide-core energy region and a theoretical calculation 
allows one to determine their origin.
Finally, we investigate the effects of adding Si0 2 /Ti0 2  dielectric distributed 
Bragg reflectors (DBRs) on top of a partial AlGaAs-based DBR VCSEL structure, by 
perfonning normal incidence R measurements and simulations of prepared structures. 
Furthermore, the effect of increasing the thickness o f the first SiOz layer on the. CM 
wavelength is monitored with normal incidence R  experiments and simulations.
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Chapter 1
Introduction
Nowadays, optoelectronic semiconductor devices such as semiconductor lasers are 
widely used for many applications. The total annual market for diode lasers represents the 
main part of the world wide laser sale. Their most important markets include 
telecommunications, optical storage (e.g. CD players, CD-ROM) and image recording (e.g. 
printing applications) but other applications are also relatively important such as 
instmmentation, bar-code scanning, medical devices, and a variety of single diode laser and 
laser arrays for pumping solid state lasers. Almost all these applications involve the use of 
conventional cleaved facet lasers. However, new semiconductor laser designs such as 
vertical-cavity surface-emitting lasers (VCSELs) could potentially be used in all these 
fields if they can compete with their edge emitting counterparts in cost and perfonnance. 
VCSELs are not yet good enough in many applications to be a threat to edge emitters. 
However, the unique geometry of VCSELs, which allows them to be grown directly into 
2D arrays, promises reduced processing and packaging costs, which may help them to enter 
some fields of the market. This may also open up entirely new applications such as laser 
array communication and printing, which cannot be addressed easily with conventional 
laser diodes.  ^ Finally, resonant-cavity light emitting diodes (RCLEDs), whose designs are 
very similar to those of VCSELs, could replace VCSELs in applications where power and 
spectral purity are not of primaiy importance.
VCSEL and RCLED structures can consist of 200 or more layers. In contrast to 
conventional semiconductor laser stmctures where the active region is cleaved on both
1
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sides to create iniiTors for in-plane emission, here a Fabry-Perot (FP) cavity is sandwiched 
between two multi-layer distributed Bragg reflector (DBR) stacks to create light emission 
peipendicular to the plane of the layer. The DBRs form highly reflecting minors with a 
broad reflectance band where the reflectivity is almost constant usually > 99.9% (refened 
as the stopband) and which is centred on the Bragg wavelength (A,Bragg). The active region 
consists of a layer with embedded quantum wells (QW) which itself is in the FP cavity. 
Interaction between the DBRs and the cavity produces a shaip cavity mode (CM) dip in the 
reflectance at Xcm, which coiTesponds to the cavity optical thickness and needs to be near 
the centre of the stopband. This provides a longitudinal optical mode for laser emission. 
Therefore the FP cavity is extremely thin : optical thickness usually a few integral multiples 
of half the intended free-space lasing wavelength. Therefore, due to this very thin cavity, 
the roundtrip gain will be much smaller than in a conventional laser diode and very highly 
reflective mirrors, such as DBRs, are needed to achieve laser amplification. The RCLED 
structure has less DBR pairs on the top but is otherwise very similar to a VCSEL. The 
ground state confined transition in the QWs, which occurs at a wavelength of ^ w , provides 
the gain. To enhance this effect, the QWs are placed at the antinodes of the standing wave 
of the CM. Therefore it is crucial to device operation that the QW emission spectrum is 
aligned appropriately with Àcm in the centre of the stopband at the device working 
temperature:
A-cm ~  A^Bragg ~  A.QW (1.1)
This condition must be obtained to within <-'1% to obtain a low thr eshold current and a high 
output power  ^ , which is a dramatically tighter tolerance than for conventional laser 
structures where 5-10% thickness tolerance is acceptable.
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Thus VCSELs and RCLEDs require the growth industry to implement new accurate 
ways of testing their wafers in-line, in a non destmctive manner, and if possible, with no 
contact made to the wafer. However, photo-luminescence (PL) measurements which are 
routinely used successfully to characterise edge emitting lasers, cannot be used in the case 
of surface emitting structures. This is due to the fact that part of the luminescence from the 
QW is reflected back in the sample by the DBRs and the light detected from the top of the 
sample is a distorted image of the true luminescence, which corresponds to the 
luminescence actually transmitted by the DBR. Edge PL is not ideal either as it requires to 
cleave the sample and the QWs are not selectively excited. Therefore luminescence emitted 
from the cleaved edge can have parasitic contributions from other layers and it is not easy 
to determine the QWs contribution.  ^Therefore, for suiface-emitting structures, no reliable 
information about the QW can be obtained with room temperature PL. The characterisation 
needs to be done in order to determine early in the process which wafers meet 
specifications and can be processed into devices, and which need to be re-grown. The aim 
of this thesis is to investigate potential solutions to the in-line growth control problem. We 
have developed new wafer characterisation techniques that could be implemented in a 
production line to monitor the growth and this thesis summarises the results obtained using 
these techniques to characterise a range of different laser stmctures.
Our collaborators included : International Quantum Electronics (IQE, Cardiff, 
Wales), who provided CASE support for the PhD and many samples, including most of the 
red and infrared surface-emitting stmctures studied in this thesis ; Tampere Institute of 
Technology (TUT, Tampere, Finland) who requested we examine one of their red emitting 
RCLED stmctures ; Marconi Optical Component - Caswell, England - for whom we 
conducted a full characterisation of a set of 1450 mn edge emitter lasers specially designed 
for Raman amplifier pump applications.
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Chapter 2 summarises the basic physics of the phenomena discussed in this thesis 
and the improvements in band stmcture engineering that led to the advent of new 
semiconductor laser stmctures such as VCSELs and RCLEDs. It goes on to describe the 
theory of modulated reflectance (MR) [more particularly electro-modulated and photo­
modulated reflectance (PR and ER)] which is a powerful tool that we use to characterise 
such stmctures. Then it explains the theory of different associated techniques used to 
analyse the MR spectra.
Chapter 3 describes all the experimental spectroscopic techniques used and 
developed to perfoim sample characterisation. These include PL, front- and edge- emitting 
electroluminescence (EL), conventional reflectance (R), ER and PR.
In Chapter 4, we perform different fonns of PR (probe beam incident angle- (P-) and 
temperature- (T-) dependent) on red emitting RCLEDs provided by IQE and TUT.'’  ^ It is 
easy to obtain Xcm from reflectance measurements on VCSELs and RCLEDs. However, 
obtaining infoimation about the QW is more difficult as examining the R spectra is usually 
of no help. In these samples, however, the features are directly observable so the “PR 
modulus technique” is perfoimed, which transforms the complicated oscillatory PR 
lineshapes into unambiguous positive-definite peak-like spectra. These are useful not only 
for visualising the approximate transition energies (from the modulus peak positions) and 
number of transitions in a modulated reflectance spectmm, but also for providing initial 
parameter estimates (amplitude and broadening) for a least-squares fitting procedure, if 
needed. Then, lineshape fitting is performed as a way to refine the QW transition 
wavelengths. Although QW features are directly observed in PR here, this is not always the 
case and sometimes no QW feature is visible in the PR spectra. We therefore have an 
unusual opportunity to test different techniques that are used to obtain the QW transition
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energies when they are not directly observable in the PR spectra by comparing the results 
obtained from these techniques with those already obtained from the modulus method and 
the lineshape fitting. These techniques allow one to infer from the value of the known 
XcM (here, obtained from R measurements) and are : 1) the “PR amplitude resonance 
theory”, which, provided the broadenings of the QW and the CM are comparable, predicts 
an amplitude enhancement of the PR signal when the QW and the CM overlap. Therefore, 
at such a resonance one can deduce A.qw ~ %CM ; 2 ) the “symmetry theory”, which in the 
case of the QW broadening being much larger than that of the CM, predicts that the 
lineshape of the PR signal becomes antisymrnetrical when the QW and the CM overlap (i. 
e. %Qw ~ A.cm). To achieve the overlap of both the XcM and the Àqw, their variation with 
either 0 and/or T  can be exploited. A third technique is then used in Chapter 4, referred to 
as the “virtual Agg plot” technique, which also relies on the knowledge of A.cm to obtain 
Aqw- This technique uses the fact that, in theory, at Xcm, PR ~ PAfr^  (Aez being the 
variation of the imaginary part of the complex dielectric function and p being the Séraphin
coefficient such that ) &nd is, therefore, directly proportional to the QW
absorption. Varying 0to shift A.cm over the complete wavelength range of a QW transition 
and measuring PR(Xcm) for different values of Xcm over that range yields a PR spectrum. 
This spectrum is effectively a plot of A82 versus X and therefore a direct measure of the QW 
transition wavelength considered. Finally, in Chapter 4, corroborative measurements are 
provided by conventional R and fi*ont- and edge-EL. The results of each of these 
measurements are discussed to examine their potential interest for the growth industry 
(quantity of infoimation given, ease of use, rapidity, accuracy etc...). All these different 
techniques allow one to obtain information about the CM and the QW ground state, and
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sometimes higher order transitions, as well as the relative wavelengths of the QW 
transitions and the CM.
The samples used in the next tliree chapters were all provided by IQE.
Chapter 5 is concerned with a comprehensive study of front- and edge-EL performed 
on red emitting VCSELs. In some stmctures a red shift is obsei-ved between the transverse 
electric polarised edge-EL and the tme QW luminescence. The origin of this shift is 
explained as well as the potential use of the transverse magnetic polarisation. ^
In Chapter 6, angle-dependent PR measurements are realised on a 980 nm emitting 
VCSEL. The technique referred to as the symmetry theory  ^that permits the determination 
of the QW ground state energy from the symmetry of the PR spectra lineshapes is 
demonstrated by performing a simulation of the PR spectra.
Chapter 7 describes a new phenomenon which we recently observed in the 
reflectivity spectra of 850 mn emitting VCSELs, and may allow an easy determination of 
the QW transition energies : the area of the CM R dip has a peculiar behaviour, which we 
believe is directly linked to the absorption in the active region and hence the QW 
absorption. PR measurements are also perfonned and analysed in different ways to 
corroborate this finding.
Next, Chapter 8 represent a depaiture from the rest of the thesis in that the samples 
studied are 1450 mn edge emitting laser stmctures, which are new designs for Raman 
amplification pump laser applications. A comprehensive characterisation is perfonned to 
check the respective effect of each design on the laser characteristics. ER measurements are 
performed on préfabrication wafers and the information obtained are conoborated with PR, 
PL, EL measurements from these same wafers. Preliminaiy spontaneous emission (SE) 
measurements is also performed on associated devices. The characterisation includes the 
determination of the QW and barrier transition energies obtained from ER analysis. Also
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the built-in electric fields in the structures are obtained from Franz-Keldysh Oscillations 
(FKOs) in the ER signals.  ^ These fields can be of interest to the grower to check the 
doping profile of the structures. Comparison of these results to theoretical calculations of 
the QW and baixier transition energies allows to refine parameters such as layer 
compositions and thicknesses. Also the calculation of the band and field profile in the 
structure by numerically solving Poisson's equation allows to determine the origin of the 
field in the structure.
Finally, in Chapter 9, we present a very different kind of study as we observe the 
effects of adding SiOz/TiOz dielectric DBR pairs on top of a partial AlGaAs-based DBR 
VCSEL structure and there potential interest. We perform experiments and simulations to 
determine the dependence of XcM on increasing the thickness of the first Si0 2  layer 
deposited on the partial VCSEL structure as it would be interesting to be able to correct a 
rnisgrovrth of the cavity (and therefore the misaligned CM wavelength) by changing the 
thickness of one of the top DBR layers close to the cavity during the growth.
In summary, this thesis compares and contrasts different characterisation techniques' 
developed for non-destructive in-line monitoring in the growth industry. Optical 
characterisation of many different structures including RCLEDs, VCSELs and edge 
emitting lasers, whose emission wavelengths range from the visible ~600 nm to the infra­
red -1450 nm, is performed. This allows us to determine the relative interest of different 
characterisation techniques for different structures. Finally, this thesis considers the interest 
of “hybrid SiOz/TiOz VCSELs” and the possibility to correct a misaligned ?lcm after the 
growth of the cavity by increasing the thickness of one of the DBR layers close to the 
cavity.
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Chapter 2
Background theory
2.1 General considerations of semiconductor laser operation
A semiconductor (SC) laser, like most lasers, comprises an active medium 
incorporated in a resonant optical cavity see (Figure 2.1). The active medium is made of a 
material capable of absorbing optical radiation over the wavelength range of interest. It can 
be pumped optically or electrically, exciting electrons within the material to higher non­
equilibrium energy levels. This way the incident radiation can be amplified by stimulated 
emission (explained later) rather than absorbed. When the gain is sufficient to overcome the 
losses of some resonant optical mode of the cavity, this mode is said to have reached 
threshold. The resonant cavity provides the optical feedback necessaiy to sustain the 
radiation amplification. A fraction of the light is transmitted through one of the mirror 
preferentially (here R2) to provide the laser emission.
R1
Amplification by 
stimulated emission
\ A A
Active medium
R2
Laser emission
Figui'e 2.1 : Simplified schematic o f a laser stiuctuie: an active medium is incorporated in a resonant 
cavity terminated by two miirors o f reflectivity R1 and R2. A fraction o f the light is transmitted 
through one o f the mfrrors preferentially (here, R2).
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Three fimdamental radiative processes may take place m a two energy level system 
(see Figure 2.2) : Spontaneous emission (a) is a random process, the rate of which is 
proportional to the number of electrons in the conduction band (CB) and the number of 
holes in the valence band (VB). However this produces a relatively incoherent emission; 
Stimulated emission (b) occurs when a photon with an energy close to the bandgap peiturbs 
the system stimulating the recombination of an electron / hole pair. This process 
simultaneously generates a new photon coherent with the stimulating photon. Its transition 
rate is not only dependent on the number of electrons and holes but also on the photon 
density; Stimulated absoiption (c) is exactly the same as the latter process only the sign of 
the interaction is reversed; the photon is absorbed, stimulating an electron into the CB 
while leaving a hole in the VB. The most important mechanism for a laser is the stimulated 
emission (b), which creates photons of identical characteristics (coherent).
 #  electron #   pEl, Ni
v a A  \ a a
E.,N, t  Ph°to"  ; \A A  \ a a
°  hole
(a) (b) (c)
Figuie 2.2: Possible optical processes in a two energy level system : Ei,2 and are the energies 
and population densities o f level 1,2 respectively, (a) spontaneous emission; (b) stimulated 
emission; (c) stimulated absorption. For a SC laser, Bi,2 and N i ,2 corresponds to the energy and 
population density o f the valence band (VB) and the conduction band (CB) respectively.
To get stimulated emission to dominate and therefore get amplification and lasing, it 
is necessary to get a population inversion (i.e. more electrons in the CB which corresponds 
to N2>Ni). This cannot occur in the thennal equilibrium case but can be achieved by 
electrically or optically pumping the material. The particular case where Ni = Nz (the 
photon emission just equals the photon absorption) is referred to as the transparencv
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because the material appears transparent to a photon energy of E2 - Ei. This coixesponds to 
the point of threshold of the laser.
The above considerations are the basic piinciples of a laser. However, SC laser 
structures have evolved in time in order to improve : their optical and carrier confinement, 
and therefore their threshold cuixent and output power; and later their mode purity and 
beam divergence. The evolution of band structure engineering of semiconductor lasers is 
presented next.
2.2 Band structure engineering of semiconductor lasers 
2.2.1 The edge emitter laser
2.2.1.1 The homojunction
The first semiconductor laser devices consisted of a simple homojunction where the 
active medium was provided by a p-n junction delimited by two minors provided by the 
cleaved facets (see figure 2.3)’
current in
Metal
junction
Defines the 
emitting volume
Cleaved end-face
(end mirror)
Figure 2.3: SC homojunction laser structure. The active region is fomied o f a simple p-n junction 
with a sigle interface between the n- and p- doped materials. The niuTors delimitating the cavity aie 
the cleaved end-face edge facets.
To achieve gain in the active region, the junction (formed of heavily doped n and p 
materials) is forward-biased so that stimulated emission exceeds the absoiption. However,
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due to poor carrier and optical confinement (see figure 2.4(a)), these lasers have very high 
threshold currents (Jth) : for pulsed measurements, at room temperature, of a GaAs p-n 
junction laser, Jth~5 x 10'’A cm'^ was necessary. ^
2.2.1.2 The double heterojunction
Confining the carriers and the photons to a small volume pushes up the probability of 
radiative recombination and the stimulated emission rate respectively, which is what is 
wanted for lasing. Both the photon and the carrier (electron and hole) confinement could be 
achieved in a double heterojimction (DH), which is a semiconductor structure composed of 
layers of more than one material. The active region (e.g.: GaAs) is sandwiched between 
two capping layers of larger bandgap energy (e.g.: A^Gai.xAs) (see Figure 2.4b). The 
difference in the bandgap energy creates a better earner confinement and the higher 
refractive index of the GaAs creates a pseudo waveguide, which confines the photons in the 
active region. The electronic band structure can be controlled by varying the composition 
and with the selection of the material. The development of a new growth technique: the 
Liquid Phase Epitaxy (LPE) during the late 1960s and early 1970s allowed the growth of 
high quality DH and the threshold current could be decreased by two orders of magnitude  ^
 ^  ^  ^ One more point must be made, which is that to get a good quality heterojunction, a 
good lattice-matching between the layers is necessary (N.B. Things are different in the case 
of strained lasers). The crystal lattice spacing of the capping layers must be almost exactly 
the same as the active layer to avoid crystalline irregularities that could lead to poor quality 
devices (e.g.: presence of non-radiative recombinations, etc...). This can be achieved by 
using several systems such as the AlGaAs/GaAs or the AlGalnP/GaAs system for visible 
applications or the GalnAsP/InP system for long wavelength communication lasers. The 
need for lattice-matching holds true for the substrate and all other layers existing between
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the capping layer and the substrate. Materials and compositions must be chosen so that a 
good lattice-matching exists throughout the multi-layer device
Leakage due to poor confinement 
CB
h o i a a #
I Population inversion in 
7  depletion layer
electrons '
! \A /^
capping layer capping layeractiveregion
M
ho'es .. . i •'>*.
capping layer
CB
(c)
active  ^ capping layer region j
electrons
VB
Refractive index (n) 
profile
Refractive index (n) 
profile
Refractive index (n) 
profile
Figure 2.4: Improvement in carrier and photon confinement : (a) homojunction under forward-bias; 
(b) double heterojunction; (c) quantum well laser
2.2.1.3 Quantum confinement
In the late 1970s the development of new growth techniques such as vapour phase
epitaxy (VPE), the related metalorganic chemical vapour deposition (MOCVD) and later
13
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molecular beam epitaxy (MBE) made possible the growth of very thin layers (< 100 Â) of 
the order of the electron de Broglie wavelength:
Where h is the Planck constant, E  and me the energy and the effective mass of the electron 
respectively.
When the active layer thickness of a DH is reduced to the order of the carrier Ig, two 
dimensional (2D) quantization occurs and results m a series of discrete energy levels (see 
Figure 2.5) given by the bound energies of a finite square quantum well (QW). In order to 
get a physical picture, one can solve the one dimensional (ID) Schrodinger equation for a 
charged particle in an infinitely deep well. The confined energies in, say, the CB are given 
by:
1,2, S.... (2.2)o m^ L,
Where Lz is the well width. In GaAs and other III-V materials, the VB structure is much 
more complicated due to the presence of the heavy hole and light hole degeneracy and the 
split off band. However under certain approximations the energy levels of the heavy and 
light holes {E(hh)m andE(lh)m respectively with m = 1,2,3...) can be calculated using mu 
and fM/*, the effective masses of the light and heavy holes respectively, in Equation 2.2.
Figure 2.5a shows the quantised states levels in the CB and the VB at the zone centre. 
The energy levels depend on the electron and hole masses, so the heavy and light holes are 
no longer degenerate. The vertical anows correspond to critical point (CP) interband 
transition energies. A transition that occurs between the n^ electronic state in the CB and 
the m^ state of a heavy (light) hole in the VB is refeiTed to as enWim (Onlhm). In an ideal 
infinitely deep well, the selection lules implicate that the only “allowed” transitions may
14
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occur with n = m. However in real QWs, other transitions may occur with n = m ± 0, 2, 
4.... (e.g. : when the bands are bent due to a strong electric field and the wave functions 
become asymmetric) Still more transitions where n = m ± l , 3 , 5 . . .  can also occur in many 
cases where the parity selection rule is violated, there are referred to as “forbidden” 
transitions.
(a) (b)
2D
3D
n = 2
Barrier Barrier
n= 1
DOS
hh m = 1 m = 2 
m = 3
Figure 2.5: a) Quantisation o f the energy levels in a quantum well stmctuie; b) Density o f states 
(DOS) energy dependence o f the 2D case (step like function) and the 3D case (N(E) ~  In (a) 
and (b), the solid line and the dotted line in the VB represents the heavy hole and the light hole 
levels and DOS respectively.
The quantization of the energy levels was used to further improve semiconductor lasers by 
adding one or several QWs in their active region, QW lasers show novel physical properties 
such as better carrier confinement and emission wavelength tuning for a fixed alloy 
composition. Indeed, the electronic band structure can now also be controlled by (En is 
related to Lz). Finally, the change of DOS energy dependence from the 3D case (N(B) ~
15
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to the 2D case (step like function) (see figure 2.5b) allows a narrower line-width due 
to the non-degeneracy of the energy levels in the 2D case. It also further reduces Jth thanks 
to a better carrier confinement because of the higher DOS at the band edge for the 2D case 
(see figure2.5b).
2.2.1.4 Strain
The introduction of strain in semiconductor laser stmctures was shown to have a 
good effect on their performance. It was first mentioned and demonstrated in 1986 that 
using a strained layer superlattice for the active region of the QW could greatly reduce the 
amount of Auger recombination and intervalence band absorption in devices.
To introduce strain in the stmcture, the epitaxial active layer is grown 
pseudomoiphically onto a layer of a different lattice constant (see figure 2.6) rather than 
being lattice-matched to the underlying layer. The epitaxial layer grows dislocation free 
under biaxial stress such that the in-plane lattice constant is now the same as the underlying 
layer. There is a critical layer thickness (he) which should not be reached and above which 
the strain will be released via a dislocation
Mis-motchea
Substrate
k /)c
Figure 2.6 ; Strain is introduced into an epitaxial layer (top left) by gi'owing tlie layer 
pseudomoiphically onto a layer o f a different lattice constant (bottom left). The stiained epitaxial 
layer is stable for a thickness h<hc.
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The strain in an epitaxial layer can be split into purely axial and hydrostatic 
components and has three significant effects on the band structure : (1) The hydrostatic 
component leads to a net change in the bulk bandgap. Indeed, it depends on the average 
change of a unit cell volume and therefore lifts the average VB and CB energies; (2) The 
axial component of the strain, however, removes the degeneracy between the light hole and 
heavy hole band and causes them to split at the zone centre (k=0); and (3) It makes the VBs 
anisotropic. Figure 2.7 shows the latter effect for a bulk like material.
Applying compressive strain will increase the net bandgap energy, lift the heavy hole band 
to higher energy and this band will now be heavy in the growth direction k i but light in the 
plane of the growth ky/ while the opposite is true for tensile strain.
«0)
(01 If)
Figiu'e 2.7 : (a) Band stiuctuie o f an unstrained direct band gap semiconductor; (b) the same 
structiu e under tensile str ain; (c) same structur e under compressive strain.
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This behaviour can significantly improve the performance of lasers. First, the 
wavelength can be tuned by virtue of the dependence of band gap on the strain. Second, the 
current density threshold can be decreased by the presence of the strain. Indeed, the VB 
splitting significantly reduces the carrier spill over into higher subbands. The best condition 
for achieving population inversion is to have equal effective masses for the CB and VB 
(hence identical band curvature) In the case of compressive strain, the reduced density of 
states in the VB due to the reduced hole mass in comparison to imstrained lasers makes the 
laser characteristics closer to ideal and more specifically Jth is much lower All
the structures studied in this thesis had compressively strained QWs.
All these improvements were initially applied to edge emitting structures. Although 
these structures gave good results and are still used nowadays for many applications, their 
characteristics could still be improved by the structure presented next : the vertical-cavity 
suiface-emitting laser (VCSEL) structure.
2.2.2 The surface emitting structure
The particularity of VCSELs is that their light emission is vertical i.e. normal to the 
wafer plane and not parallel to it as in edge emitting lasers (EELs). These stmctures are 
composed of a Fabry Perot (FP) microcavity containing QWs sandwiched between two 
distributed Bragg reflectors (DBRs) (see Figure 2.8). The main difference with the edge 
emitting laser stmcture, apart from their different emission direction, is the use of a 
microcavity with highly reflective minors. Indeed, the cavity optical thickness is of the 
order of the emission wavelength : nX/2 with n=l,2,3.... This allows a single photon mode 
selection : the cavity mode (CM). However, due to the much smaller thickness of the active 
region (a few 100 Â, as opposed to ~pm in an EEL), the gain in a round trip is much 
smaller than in edge emitting stmctures and it needs to be compensated by the use of highly
18
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reflective mirrors (>99%) situated on the top and bottom of the cavity. To achieve this, 
high reflectivity metallic mirrors are not sufficient as their reflectivity only reaches a 
maximum of -98%. However, with the use of DBRs a reflectivity of 99.9% can be 
obtained. DBRs constitute a number of pairs of quarter-wavelength-thick layers of 
alternating refractive indices n% and ni respectively (see Figure 2.8). They produce a 
strongly wavelength dependent reflectivity. The presence of the cavity introduces a dip in 
the total structure reflectivity at the CM wavelength (Xcm) due to a destructive interference 
between the two DBR mirrors. A typical example of a VCSEL reflectivity spectrum is 
displayed in Figure 2.9. Its centre wavelength (^ Bragg) on the refractive index and the 
thickness of each layer (A.eragg =4ni.ti =4 n2.t2), its stopband width depends on the refractive 
index difference (ni-n2) and its maximum reflectivity on the number of pairs of quarter- 
wavelength layers and n2/ni. The first operational VCSEL was demonstrated in 1979 but 
did not have DBR mirrors. Instead two gold/zinc end mirrors were used. The idea of using 
DBR mirrors was first mentioned in 1982 however growth technology only achieved the 
fabrication of a VCSEL with DBR mirrors operating at room temperature in 1989
Laser emission
OWs
Top
DBR
(p-type)
Bottom
DBR
(n-type)
} FPCavitv
n^ .tz = k/4
nj.ti = tJA
nj.tj — ^ 4ni.ti = Xy4
Alternating indices 
quarter-wavelength 
layers
Sub$ti#e
Figure 2.8 : Schematic o f a VCSEL structure.
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Figure 2.9 : Typical reflectance measurement o f a VCSEL structure.
Another vertical emitting structure that will be discussed in this thesis is the resonant- 
cavity light-emitting diode (RCLED) (see chapter 4). It has virtually the same structure as 
a VCSEL but only its bottom DBR needs to be highly reflective (R > 95%). Its top DBR 
comprises less pairs and its reflectivity can be between 50% and 70% as the structures does 
not need to reach threshold and lase.
The vertical emission which is specific to surface-emitting structures as opposed to 
the in-plane emission of usual edge emitting lasers, gives VCSELs peculiar properties such 
as : a single longitudinal mode operation (spectral purity), a low beam divergence, a 
circularly-symmetric output beam, a low threshold current density, ease of fabrication into 
2D arrays and non-destructive in-line monitoring. This makes these interesting for many
2 0
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applications such as optical interconnectors The same can be said about RCLEDs except 
that their beam divergence is larger due to their lower DBR reflectivity and broader CM 
dip. They have applications in the same fields as conventional LEDs such as data 
transmission in plastic optical fibres (POFs) in local area networks (LANs) and other 
applications which do not require laser specificity (high power and spectral purity). In 
this thesis, we will be characterizing mainly VCSELs and RCLEDs.
These stmctures are composed of a great number of very thin layers making their 
fabrication very difficult. However, to get a working surface-emitting device it is necessary 
to have the QW groundstate transition wavelength (^w ) aligned with Xcm and B^ragg (i.e. 
Xqw ^ XcM ~ B^ragg) at working temperature. To obtain low threshold current and high 
output power this condition needs to be fiilfilled to within 1% The need for in-line, non- 
destmctive, characterisation techniques, which allow the detemiination of these thiee 
parameters and their relative positions, is therefore obvious and modulation spectroscopy 
amongst others has been found very usefi.il for this puipose.
2.3 Reflectance and Modulated Reflectance Spectroscopy
2.3.1 Jones Matrix foimalism for multilayer reflectivity
The reflectance (R) of a bulk material at normal incidence can be expressed as 
function of the complex refractive index and therefore the complex dielectric function real 
and imaginary parts (FresneFs foimula):
X
(2 3)with n = (f if+ e * )^  + £i
K
X* = ( e f +Ê2" ) '^ - e ,(« + 1) + fC 2 2
or - k ^  = 6i and 2 nk = £2
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where n and /rare the real and imaginary parts of the complex refractive index and S\ and 82 
the real and imaginary parts of the complex relative dielectric function £ .
£ can also be described by the following :
s{o^£^
0 )£ n
(2.4)
where <7(co) is the frequency dependent conductivity of the material, with £0 the vacuum 
pemiitivity.
It is also interesting to note that the absorption coefficient is related to the imaginary part of 
the dielectric function :
o(û>)=—nc (25)
with c the speed of light
The R of a multi-layer structure can be simulated using the Jones Matiix formalism 
which is described next. If we simplify to the normal incidence case, the amplitude 
reflection (r,y) and transmission {Uj) coefficients between two layers i and j  of refractive 
indices n, and nj are:
4- =
2 rij (26)
Layer /
r,i
IJ
Layer j
I j
Ei
Figui'e 2.10: notation for the waves travelling to the right (r) and to the left (I) on either side of the 
interface of two layers i and j.
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If Ejj and E,-j are the electric fields of a light wave at the left side of layer j  travelling in 
layer to the left and to the right respectively (see Figure 2.10). We define a column vector 
E jh y .
The same light wave at the right side of layer j  is defined as E )  such as :
The interface transition matrix is:
1
ÿ \^ il  ^ J
(2.7)
(28)
(29)
and E \ = HijEj (2 .1(1)
In crossing a given layer a phase factor (P results from the optical path length 
difference within layer j  and the incident or final medium) is introduced and which defines 
a propagation matrix:
Lj -
/  -it
0
0
y
with p= ^^'nydj 0) and df. the thickness of layer j
(211)
(2 .12)
thus Ei = Lj E j  (2.13)
By combining these matrices for all the layers of the stmcture we obtain the overall transfer 
matrix forN layers:
77i27'2..-^ Ar-l-^ JV-l,Ar — ^IN ~ fS n  5',;
y  21 ^ 2 2  J
(2.14)
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The amplitude reflection coefficient for the whole stack (r) is then found using the 
boundary condition that in the substrate there can be no light travelling to the left :
^ 0 ^E ,= (2.15)
So,
6*11 •S'jj
\^ r N  J
(2.16)
Therefore, we obtain :
r  -
'22
(2.17)
and the reflectance is R = |r|
2.3.2 Modulated reflectance, joint density of states (JDOS) and 
critical points (CPs)
2.3.2.1 Bulk material
Modulation spectroscopy includes several techniques which modulate the spectral 
response of a sample through a periodic change of an external parameter such as 
temperatme electric field or pressure The changes induced in optical response can 
be examined in absorption or reflectance spectra. Here, we consider reflectance. A simple 
way of explaining the piinciple behind this technique is to say that the dielectric function of 
the sample £ is modulated at a frequency / .  The resultant change Â £ffX  which in turn 
affects the reflectance spectmm of the sample, is probed by a spectrally resolved source and 
detected phase sensitively.
In this work, we peifomied modulated reflectance (MR) teclmiques (more 
specifically electro- and photo-modulated reflectance (ER and PR)), which have been 
extensively used to study semiconductor microstructures. Indeed, under similar conditions,
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they better define the spectral contrast of a structure than do static reflectance teclmiques. 
For bulk materials, a rather featureless reflectance curve is replaced by an MR spectra 
containing sharp differential-like features. ER spectroscopy is performed by applying a 
periodic electric field to the sample. Alteration of the surface electric field produces 
changes in e .
The total differential of Equation 2.3 with respect to 6i and £2 provide an expression 
for the MR :
AR .  .  . g ,  .  . .  1 3 ^  J  Q  1 3jR—  = ,g ,)Ag, + with a - —— ~ and —R w  2/ 1 /-V 1 2/ 2 ^  Rde^ (2.18)
where a  and p  are the Séraphin coefficients that can be expressed as a fimction of £/ and £2. 
In the case of bulk material they are slowly varying functions of the energy (see Figure
2.11) and therefore usually assumed to be constant in the vicinity of the CPs.
m
-IK
Figui’e 2.11 : Séraphin coefficients «and P for GaAs in tire energy range o f 0 to 5 eV
Therefore for bulk materials, the shaip features seen in the MR spectrum are 
determined by the real and imaginary part of the modulated dielectric functions rig/, rig?
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whose relative contributions are determined by a  and p. For normal incident light, an 
explicit expression for the Séraphin coefficients (obtained from Equations 2,3 and 2.18) can 
be foimd in Reference
To better understand the origin of the sharp features in the MR spectra, we need to 
look at the connection between g? and the band stmcture. Let us first consider the 
probability of absorption of a photon. This is equivalent to considering the transition 
probability of an electron from the VB to the CB per unit time and volume, which can be 
expressed as follows:
 ^ a
W ^ y ( 0 ) = h ------------- E l  \ d ^ k \ M c v \  ô { E c - E y - h œ ) (2.19)\morn ;
Where Ec and Ey are the CB and VB energies and \Mcv\ is the matrix element of the 
perturbation.
The energy loss per unit volume per unit time by a plane wave is therefore:
-  Wcytim (2.20)
The average power loss per unit volume of a plane wave can also be obtained using the 
Poynting theorem:
1l^oss (2.21)
Identifying Equations 2.20 and 2.21, and inputting the expression of g? as a function of a  
from Equation 2.4, it comes :
(7 _ 2 tiWcy _ 2 l.{gj («?)=■ 1  jd^k\M cr\^S{Ec-Ep-nca) (2.22)
/  E7.e^ (D e^El e\m(OJCy 
From this expression, we can expect that £2(0)) will be large whenever a lot of transitions 
E c y -  Ec- Ey -  ^icocan be excited that is to say that £2(0)) will depend on the amount of 
CB and VB states available for transitions at that energy. Therefore near a CP -  explained
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further -, one can expect S2(co) to be nearly equal to the joint density of state (JDOS) 
function Jcv, which represents the number of states within the Brillion zone (BZ) for which 
Ecv -  ^ 0) :
J c , ) = f d e  -h w )  (2,23)
BZ
Inputting Equation 2.23 in Equation 2.22, it comes the important connection between the £2 
and the JDOS :
(2.24)
If Equation 2.23 is transformed into a surface integral :
2 f dS
? I
\E(;y=hO}
Where /S' is a constant energy surface with Ecr = 'VkEf.y is the gradient of separation
of the CB and the VB with respect to k. From this latter equation, one notes that Jcv and 
thus £2 will display singularities called Van Hove singularities for :
'^k^cv (2.26)
This can occur for V;^(Ec)= Oand (.£f.) = 0 only at points of high symmetry of the BZ
(r, X, and L) or for {E .^ )=  V^  (Ey ) ?^: Oat points of lower symmetry.
These are the so-called CPs, which correspond to prominent features in %. The 
determination of these CPs energies will give important information about the band 
structure of the material studied. MR, which as explained earlier corresponds to a 
modulation of the dielectric function, rig (œ), will create shaip derivative-like features in 
the modulated reflectance at the energies of these CPs.
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As mentioned earlier, different types of modulated reflectance can be performed that 
modulate g in two different ways. One important distinction is the conservation or not of 
the lattice periodicity. Thermo- and piezo-modulated reflectance experiments are so-called 
lattice periodic whereas ER and PR experiments that have been used here are not. This due 
to the fact that the electric field applied to perform ER or built-in electric field for PR can 
accelerate unbound electrons and holes and completely destroys the translational invariance 
of the lattice in the field direction. - PR is a form of ER in which a laser is used to generate 
electron hole pairs within a sample. These carriers migrate to the surface of the sample 
where they perturb the surface electric field. Because, for PR, the surface electric field is 
created by surface defects, it is very much sample dependent so in some cases where the 
surface electric field is almost non-existent PR will be veiy weak or even not seen at all.- 
These two types (lattice and non-lattice periodic) of modulations result in different 
lineshapes for the modulated reflectance spectra. The lattice periodicity will retain the 
momentum of the electron and therefore the modulation will result in a Stark shift of the CP 
energies, only vertical transitions being allowed. This leads to a first derivative lineshape 
(see Figure 2.12a).
On the other hand, if the perturbation is an electric field (F), such as for ER or PR, the 
electron is accelerated and the momentum is no longer a good quantum number in the field 
direction. This is equivalent to spreading the foimerly shaip vertical transitions over a finite 
range of initial and final momenta as shown in Figure 2.12b.
We define the electro-optic energy, h&, as the energy gained by the particle when 
accelerated in a uniform field of force e.F {e is the electron charge) :
hQ = 2ju.
1
(2.27)
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f.1 is the reduced mass of the particle in the direction of the field) and /"is the broadening 
parameter in what follows.
U N PER T U R B ED
P E R T U R B E D
d i f f e r e n c eS T R E S S
iw
Tlw
E L E C T R IC
FIELD
Figure 2.12: a) a schematic diagram o f the change in the imaginary part o f the dielectric function 
expected from a first derivative modulation process where lattice periodicity is preserved, b) similar 
diagram for electric field modulation where lattice periodicity is not preserved. The effect o f  the 
pertur bation on the energy band str ucture and optical ti ansition is shown at the left o f each case.
The so-called low field regime corresponds to ?î0<~r/3. In this case, the mixing 
will be restricted to those wave functions near the originally vertical allowed transition. 
This will smear* out structure in the unpertmbed dielectric function, yielding a more 
complicated difference function, for each CP, having changes in sign as indicated in Figure
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2.12b. The two zero crossings ai e characteristic of the third derivative lineshape. which was
proposed by Aspnes
According to Aspnes for each CP (j) :
(2.28)
Where Eoj stands for the CP transition energy and m depends on the dimensionality of the 
CP (see below).
Also, as mentioned eaiiier, in the case of bulk materials or simple structmes (such as edge 
emitting laser structures), a  and are slowly vaiying functions of the energy (see Figure
2 .11) and can be considered as constant in the neigbourhood of Eoj, So in these cases, the 
AR spectrum is determined mainly by electronic and excitonic features.
Hence, if we consider the expression of AR/R ;
= Re [(<% -  )] (2.29)
we can wiite { a -  iJ3)j = Cj e where Cj is a constant and 6j  is an energy independent phase 
factor.
Equation 2.29 can therefore be wiitten :
f ( £ )  = É R eK J=l (2.30)
which corresponds to Aspnes third derivative functional fonm (TDFF) and where the 
summation over J  accounts for more than one CP at the energy Eqj with a phase factor 0j, 
and broadening factor I]. The amplitude Cj is proportional to the oscillator sti ength and the 
squai'e of the applied field.^^ The exponent m is equal to 2.5 for 3D CPs, 3 for 2D CPs and 
2  for excitonic transitions. ^
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In order to detennine the CP transition energies, one can use lineshape fitting of 
Equation 2.30 to experimemental MR. This model can be used to fit the experimental MR 
of bulk materials or simple stmctures such as edge emitting lasers. It consists of a sum of 
the appropriate number of TDFFs (Equation 2.30) together with an additive background 
term, which is included to describe any small non-zero baseline. The amplitude Cj and the 
phase factor dj determine the amplitude and the asymmetry of the lineshape, respectively, 
and E q j  and F j  determine the energy location and the width of the stmcture.
If F  is larger such that ^0> ~ F , this is said to be the intermediate field regime. Due 
to the spatial tilting of the CB and VB, % is no longer zero bellow the bandgap energy (Eg) 
but decays exponentially and an electron can tunnel through a distance depending on the 
field from the CB to the VB with E<Eg. The wavefunctions of electrons and holes have 
evanescent tails in the forbidden gap, which result in an exponentially decreasing A£2 
bel ow Eg. Due to interference effects in the wavefunctions, Ab2 above Eg is oscillatory. 
Therefore, the MR spectra are now characterised by an oscillatory lineshape above the 
fundamental absorption band edge, corresponding to the so-called Franz Keldvsh 
oscillations (FKOs). The period of these oscillation is related to the built-in electric field 
(see chapter 8) and can be used to determine surface/interface electric fields of doped 
materials. The lineshape of the MR spectra can be fitted with a model using Airv 
functions fAd and their derivatives.
This model realised by Dr Jeff Hosea includes the following definition of the modulated 
dielectric function
A fi+ /A fi = F + /G  (2.31)
where F '-'A'} - ■'gA8 A}
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and
with Ai is the Airy function and Bi is the modified Airy function.
The model is calculated using Equation 2,29 with the above expressions for Asi and As2 the 
expression and { a -  ip)j = Cj for the Séraphin coefficients.
The high field limit occurs whenever eFao ~ Eg where ao is the lattice constant. This 
corresponds to a breakdovm of the selection lules and Stark shifts of the energy bands. This 
case goes beyond the scope of this thesis.
2.3.2.2 Confined structures
Until now, we have considered the case of bulk material. However, in this thesis the 
majority of studies have been peifonned on confined stmctures such as QWs. In these cases 
the electrons cannot be accelerated and the modulation is performed through a different 
mechanism : the quantum confined Stark effect (QCSE) . Figure 2.13 shows a QW 
stmcture with an applied electric field along its growth direction. The field bends the bands 
thereby reducing the confined states energies and modifying the overlap of the electronic 
and hole wave functions. Also, the confinement of carriers in QWs leads to strong excitonic 
resonances in the absorption profiles and this phenomenon persists at room temperature.
At low T, for bound states such as excitons or quantum levels in a QW, A s  (0))hsis a 
first derivative lineshape given by reference and can be represented in a compact fonn 
described as the first differential lineshape model (FDLM) :
de d l de de dT
s
AF (2.32)
With Eg the band gap energy of the excitonic state. Fa. phenomenological broadening 
parameter and I  is the strength of the transition.
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Figme 2.13 : Descriptive giaph o f the quantum confined Stark effect (QCSE) The electric field 
applied along the growth direction in a QW tilts the bands thereby reducing the confined states 
energies and modifying the overlap o f the electr onic and hole wave functions.
At low T, e (coj has a Lorentzian lineshape similar" to bound states such as excitons. 
For room temperatures, a Gaussian lineshape is more appropriate. It has been shown, that 
although a TDFF (Equation 2.30) witli m=3 (i.e. a 2D CP) is physically inappropriate to 
describe MR in such systems (QW with excitons at room temperature), it mimics the first 
derivative (Equation 2.32) of an excitonic dielectric function with a Gaussian profile 
However, it is hnportant to remember that at even at high temperatures the MR specti-um of 
a QW arises fiom excitonic tr ansitions and not 2D CPs.
2.3.2.3 VCSEL and RCLED structures
In the case of more complicated structur es such as VCSELs or RCLEDs, the Séraphin 
coefficients ar e ver*y rapidly varying functions of tlie energy as their R spectr um is detailed 
and the derivatives contain sharp features, especially near the CM energy
The CM wavelength (therefore its energy) depends on the optical thickness and thus 
on the refractive index of the cavity such that ;
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Xcm =— Jn^ -  sin^ 6  ^  : angle o f incidence of the probe beam (2.33)
1 1 1 = 1 , 2 , 3 . . .
n, d\ refractive index, tliiclaiess of the cavity
Therefore, in the case of a, the modulation of Sj of the QW, and thus of the refractive 
index, alters the CM energy by changing the optical thickness of the cavity, and leads to a 
first derivative-like, dispersive lineshape for ct(see Figure 2.14). On the other hand, the 
CM depth depends on the absoiption in the QW therefore the modulation of £2 of the QW, 
and thus the absorption, alters the CM depth, giving an absorptive, dip-like lineshape for jS 
(see Figure 2.14). Therefore, in the case of complicated structures^ the MR lineshape will 
depend on both the Séraphin coefficients and the modulated dielectric function.
CM
►
A Refractive index
a
► E
dR
de. R(8i+Ô£i) - R(£i)
--,V ( X
E
CM
►
Absorption coefficient
dR
d e .
Antisymmetiic 
R(e2+0£2) - R(£2)
iu i i
>  E
Symmetric
Figure 2.14: The shape of the Séraphin coefficients for a vertical cavity structure as a function of 
energy. The top schematics show how the modulation of the real part of the complex dielectric 
function (related to the refractive index) shifts the energy of the CM feature and leads to first- 
derivative, dispersive-like lineshape of a. The bottom schematics show how the modulation of the 
imaginary part of the complex dielectric function modulates the absorption, hence the depth of the 
CM feature, and leads to dip(or peak)-like, absorptive lineshape of /3.
The Séraphin coefficients must therefore be taken into account and coupled with the 
dielectric functions contributions using Equation 2.18. Now, C and 0 aie energy dependent
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and they cannot be approximated by constants any more. t%and ^  can be calculated by 
numerically differentiating the VCSEL R spectrum with respect to e, where R is calculated 
using the Jones matrix approach (see §2.3.1). In this way, they were found previously to be 
empirically represented reasonably accurately using the real and imaginaiy parts of a 
complex Lorentzian, respectively
a(E) = (2.34)2
CM
where Ecu  and Fcm are the energy and the half width at half maximum (HWHM) of the 
amplitude of the PR CM feature respectively. As the CM feature is a dip, the maxhnum of 
the dip will refer to its “maximum depth”. Oq and po are the arbitrary amplitudes.
The lineshape of ÂSi and As2 of the QW exciton in Equation 2.29 may be described 
by a function based on Aspnes TDFF (see §2.3.2.1)
C r"LA^i {E) + zAgg {E) -  / ^  (2.3 6)
V QW )
The added tenn Fqw  ^ in the numerator lessens the negative coiTelation effect between C 
and Fqw in the Aspnes original expression (Equation 2.30). m is chosen as described 
before.
A simplified version of this model can be used where a  is neglected. This 
approximation is valid in the vicinity of the CM because, in this case, the a  dispersive 
profile crosses zero, at the CM energy whereas the p  absoiptive profile is maximum (see 
Figure 2.14). Therefore, we approximate Equation 2.18 by :
^ { E ) ^ f i ( E ) à s , ( E )  (2.37)
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In the case of several CPs, the model will be :
AD n— {E) = j3 {E )^R e  K JE Eçfy + ZTgff, ) (2.38)
where p is given by Equation 2.35.
Due to the presence of QWs in the structure, the electrons are confined and there will not be 
any FKOs so the above model will be used in all cases for surface-emitting structures.
2.3.3 Methods used to analyse MR spectra
2.3.3.1 The modulus method
A way to obtain a quick estimate of the CP energies corresponding to the MR 
featuies is to use the modulus transformation method developed by Dr J. Hosea This 
technique basically removes the phase information from the MR signals, transforming an 
oscillatoiy feature into a positive-definite PL-like signal. Indeed, this technique is useful 
not only for visualising the approximate transition energies (from the modulus peak 
positions) and number of tiansitions in a modulated reflectance specti'um, but also for 
providing initial parameter estimates (amplitude and broadening) for the least-squares 
fitting procedure with a TDFF model, if needed (see Figure 2.15 (b)).
A PR signal can be described with Aspnes's TDFF (Equation 2.30), and for one CP:
PR(E) = Re Cg
10
(A + try = Re
C g '^ A -fT ) '
(A '+ r^ ) '" (2.39)
with A = E -E g
The method is based on the fact that a MR signal can be represented as the projection 
of a complex phasor on the real axis of an Ai'gand diagram (see Figure 2.15 (a)). This 
comes fi'om Equation 2.39. The phase of MR, and its amplitude, change as the photon
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energy is varied. This corresponds to this phasor rotating around the origin of the Argand 
plane and its length (modulus) changing, respectively.
If we setzl -  ir =  B with and ç)= tan'^-F/A), Equation 2.39 becomes :
i{6+mç})CePR(E)=Rq
■ (A2+F2) 2
Hence, the amplitude of this phasor |PR| is a pseudo-Lorentzian fimction
|p « (£ ) |= — ^
(A" + r^)2
whose peak position gives Eg directly.
(2.40)
(2.41)
Im
KK(PR)
|PR|
Re
PR
1PR|
r /F '
(4— Related to F
Figui'e 2.15 : (a) Ai'gand plan diagiam where KK(PR) represents the Kramers-Ki'onig 
transformation of PR which is the imaginary pai't of Cé /^(A+îr)'*' > (b) Typical modulus curve.
Causality means that dispersive and absoiptive (real and imaginary) parts of a linear
response function must be related. For instance, if Sj and £2 are the real and the imaginary
parts of the complex dielectric function, they are related by the Kramers-Kronig (KK)
relations as follows :
(2.42)
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In the same way, using the KK transformation of the measured PR allows one to 
obtain the imaginary component of the phasor, from which the PR modulus can be 
obtained:
+ [KK{PR)f (2.44)
where KK(PR) is the KK transformation of PR and equals the imaginary part of the [] 
brakets in Equation 2.40.
As the KK transformation should theoretically be performed from 0 to oo, the range of 
the calculated integral (Eqution 2.42) must be safely tnmcated so that the out of range PR 
function can be considered to be zero. The range is therefore chosen for this calculation so 
that the PR signal starts from and decays to the base line signal, which in turn should not 
have any offset.
2.3.3.2 Resonance and Symmetry Theories
If the QW is not directly obseiwable in an MR spectrum due to very high DBR 
reflectivities, two theories can potentially be used to infer the relative position of the CM 
and the QW in VCSEL or RCLED structures. These theories relate to two different cases 
where the CM and the QW broadenings are either comparable or the QW broadening is 
much larger than the broadening of the CM. For VCSEL and RCLED structur es, where 
the R spectrum, as explained earlier in §2.3.2.3, is detailed, the derivatives contain sharp 
features, especially near the CM energy.
An empirical Séraphin coefficient lineshape model was developed to emulate these 
facts in VCSELs (Equations 2.34 and 2.35). RefeiTing to the simplified version of this 
model if the width of the CM and Ae are comparable (F q w  ~  F cm ), we now have the
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product of two strongly-varying functions - /? (centred on the CM energy) and As2 (centred 
on the QW transition energy) - it may be seen that a resonant enhancement of the MR 
signal amplitude will occur when the VCSEL CM and QW energies (E cm  and E q w ) are in 
proximity (see Figure 2.16).
Typical derivative-like 
lineshape for
QW modulated dielectric . A82 . A£2
PR amplitude
QW QW Resonance 
when aligned
& Fqw ~ FcmQW and CM alignedo QW and CM I misaligned
Product : only a weak PR signal 
- gets weaker the further apart 
they are. A(CM-QW)
Similar conclusions 
for aAei
QW
Product : strongly enhanced PR.
Figui’e 2.16: The PR amplitude resonance effect for Fqw ~ /cm- Wlien the QW and p energies are 
misaligned the resulting MR feature magnitude is weak (left). Wlien the QW and P energies are 
aligned the resulting MR feature magnitude is stiongly enlianced (centre). The right side of the 
schematics shows the PR amplitude as a function of the detuning of the CM and QW energies. A 
maximum is seen when Ecm = Eq^ .
Due to their very similar structure to VCSELs, we can safely assume that these results also 
hold true for RCLEDs, and we will use this enhancement property later as an essential
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feature of the characterisation spectroscopy. This is referred here as the amplitude 
resonance theory.
However, in cases where the broadening of the QW is much larger than that of the 
CM {Fqw »  Fcm) and the QW feature is not obervable in the MR spectra, another theory 
needs to be applied to analyse the MR spectra. In this case, a  and p  vary much more 
rapidly with energy than Aei,2 and so determine the MR lineshape. As discussed earlier, we 
know that a  near the CM has a dispersive-like lineshape (i.e. antisymmetrical) (see Figure
2.14) whereas p  lists a peak-like lineshape (i.e. symmetrical) (see Figure 2.14). From the 
lineshapes of Asi,2 (see Figure 2.17), we see that when Ecm = Eqw, Ae2 = 0 therefore AR/R 
= aAS] giving us an antisymmetrical feature (see Figure 2.18). Thus, it will be possible to 
infer the QW emission position by monitoring the symmetry of the MR feature as a 
function of the relative position of the CM and the QW, which may be varied either by 
varying the angle of incidence of the probe beam ( 0  (E cm  depends on ^  - see Equation 
2.33) or the temperature of the sample to change Eqw (see chapter 3). When the two 
features overlap, and Ecm = Eqw, then the feature will be antisymmetrical. This provides a 
possible way of inferring the QW emission energy. This latter theory, shows a reversal of 
the usual relative role of the Séraphin coefficients and the modulated real and imaginary 
parts of the dielectric function. Indeed, in simple structures, the Séraphin coefficients are 
usually considered as slowly vaiying function of the energy and the rapidly varying 
modulated dielectric components determine the shape of the PR/ER feature. In VCSEL or 
RCLED structures, however, when Fqw »  Fcm the opposite occurs. The Séraphin 
coefficients deteimine the ER/PR lineshape and their relative contribution is deteiinined by 
the slowly varying modulated dielectric components.
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The lineshape o f Asi,2 can be estimated as follows. We consider an energy dependent 
s(E) expression with an harmonic oscillator form:
1 (2 45)\L^qw - E  ) - iEç^yE]
where /  e, m, jjl, L., h are the oscillator strength, the electronic charge and mass, the 
reduced mass, the upper limit of s  , the well width and the reduced Planck constant 
respectively. Eqw and Fqw are the energy and the broadening of the excitonic transition. 
Equation 2.45 can be approximated by:
1 1
m ^ ^ - E  )-iEawE\ [A' (2.46)Q W
With A’= £  '
Therefore the equations for si 2^ (E) aie equivalent to:
s  j=Re(£r)- A (2.47a) r E£2=Im(£-)~—^ ^ (2.47b)
From equation 2.47a and 2.47b, we get an antisymmetrical and a symmetrical cuiwe 
respectively centred on Eqw [Figure 2.17(a)], We can consider that the main contribution of 
the modulation is to the QW. Hence, the changes in si 2^ aie :
Asi,2 ^  Si,2 (Eqw+SEqw) - Si,2 (Eqw) (2.48)
will be symmetrical and antisymmetrical respectively [Figure 2.17(b)].
o As
QW
As
QW
Figure 2.17 (a); shape of the curve 81,2. (b): shape of the cuive As 1,2
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A simulation of the PR signal can also be calculated using the above expression of 
61,2 (Equation 2.45). This will be developed in more details in chapter 7.
Typical derivative-like 
lineshape for a broad 
Aei modulated dielectric
QW and CM
misaligned
QW and CM
Product :only a weak PR signal 
The feature’s symmetry is 
determined by a.
aAei
"f\r
aAsi
QW
PR amplitude
No Resonance 
when aligned 
& Fqw »  Fcm
A(CM-QW)
Product : no major amplitude nor 
symmetry change in PR.
%
f
Product, for aligned CM and QW
No PR resonance. 
Same conclusion for 
PAE2 except pA8 2 = 0  at 
E — Eqw
Figure 2.18: For Fqw »  /cm, there is no PR amplitude resonance, when Ecu is timed in Eqw^  The 
product (xAei symmetry is determined by the lineshape of a. The same conclusion can be drawn 
pAs2 however, as /3Ae2(EQw) -  0, the PR lineshape at E = Eg,rwill be determined by the lineshape 
of a.
2.3.4 The virtual Ae2 plot
An other way of exploiting MR, which we shall also employ in this thesis, is to rely 
on a peculiar consequence of the theory of the PR signal of microcavity structures, and how
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this is related to the modulated QW complex dielectric function As as 0 is varied. This 
therory relies on the condition Fqw ~ Fcm being flillfilled.
As seen earlier, the modulation of gy (and thus refractive index) of the QW varies 
ÀcMi and leads to a first dispersive lineshape for or, whereas for the modulation of % (and 
thus absorption) of the QW varies the CM dip depth, giving an absorptive lineshape (Figur e
2.14). In the vicinity of Àcm, ct may be considered negligible compared to ^  because here 
the or dispersive profile crosses zero, whereas the P  profile has a maximum value.^^ 
Therefore at a  = 0 and p  = fimax-, and the PR signal is given fiorn Equation (2.18) as:
Assuming fimax does not depend strongly on (9, this suggests the following way of 
obtaining a plot of As2 of the QW ground-state transition feature, which is virtually 
uncontaminated by tire R spectrmn of the DBR, and thus gives a measiue of Xqw> When 
6 is increased away from close to the surface-nonnal, Xcm decreases and is tuned through 
Xqw. At each 0, the PR signal is measured only at Acm* From Equation (2.49), this yields a 
PR spectrum, which is effectively a plot of As2 versus A. This is the quickest way of 
determining Agy, as it only requires a single PR measurement at each 0, instead of a full PR 
scan.
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Chapter 3
Experimental techniques
3.1 Introduction
Semiconductor lasers, and especially surface-emitting structures, have to be 
monitored closely during the growth due to their complicated designs. The main parameters 
that need to be checked are the quantum well (QW) emission wavelength (Àqw), the cavity 
mode (CM) wavelength (Xcm) and the Bragg wavelength (Xeragg), which corresponds to the 
centre wavelength of the high reflectivity stopband of the Bragg mirrors, must be 
checked for all semiconductor lasers including edge-emitting structures whereas for 
surface-emitting stmctures the relative position of Xqw> ^cm and ?^ Bragg needs to be 
monitored as well. Indeed, as mentioned in chapter 2, to get a working surface-emitting 
laser device it is necessary to have ~ ^cm %Bragg at the device working temperature. 
The main experimental and analytical techniques used to characterise the different 
semiconductor laser structures studied in this thesis are described in this chapter. Their 
interests and drawbacks are highlighted as well as the cases in which they should 
specifically be chosen to characterise a given stmcture. Other parameters such as built-in 
electric fields (F) can be deteiinined and lineshape fitting of modulated reflectance spectra 
(explained in chapter 2) can be used to refine nominal values such as layer compositions 
and thicknesses.
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3.2 Experimental techniques
3.2.1 Photoluminescence (PL)
In PL, for the direct bandgap stmctures, energy is transfemed to the crystal by the 
absorption of a photon. The energy absorbed has to be greater than the bandgap energy. 
Then, the excited carrier may lose energy by emitting phonons till it reaches the bottom of 
the conduction band. At this point the electron may recombine with a hole from the valence 
band by spontaneous emission, thus emitting a photon whose energy approximately equals 
the bandgap energy.
Experhnentally, in PL the sample is excited by a mechanically-chopped laser (-170- 
370Hz) suitably chosen with its energy larger than the material bandgap energy (or 
?^ iaser<^ baiidgap) : in our lab, there is a  choice between; a dual wavelength HeCd laser at 
325mn or 442mn; an argon ion laser at 514nm; a HeNe laser at 633nm; a semiconductor 
diode laser at 780nm; and a Nd : YAG laser at 1064mn. Luminescence is collimated by the 
first of two quartz lenses of 200mm focal length (see Figure 3.1). As the luminescence is 
emitted in all directions, the sample’s orientation is not very important. However, it is 
placed roughly normal to the axis of the collecting lens. The luminescence is then focused 
with the second lens into a spectrometer entrance slit, which can be adjusted between 10- 
1000pm width according to the resolution required for the experiment (with a typical sht 
height of 2mm) -  the exit slit can be adjusted in the same way-. The spectrometer used 
here is an ISA Jobin Yvon Triax 320, which has three gratings to choose from, depending 
on the desired wavelength range of the scan: grating 1 blazed at 330 mn with 1200 
lines/mm; grating 2 blazed at 630mn with 1200 lines/mm; grating 3 blazed at 1pm with 600 
lines/mm. The wavelength calibration of the Triax can be checked using a holmium oxide 
filter, the absorption spectrum of which is well known. After being dispersed by the
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spectrometer, the output light is collected and focused onto a detector by two quaitz lenses 
of 200mm focal length. Depending on the wavelength range of detection needed, the 
detector is chosen from : a UV enhanced silicon photodiode (300-1 lOOnm); a silicon 
photodiode (500-1 lOOnm); an InGaAs photodiode (800-1800nm); and, for very weak 
signals, a Hamamatsu photo-multiplier tube (180-900nm) - but in this case the output 
lenses are not used as it is directly placed onto the exit slit of the monochromator The 
whole experiment is controlled by a personal computer (PC). The modulated a.c. signals 
collected by the detector are measured using the d.c. and a.c. inputs respectively, of a lock- 
in amplifier (Standford Research Systems Model SR830 DSP) locked-in at the frequency of 
the chopper(see Figure 3.1). The data are then collected by the PC as a frmction of 
wavelength and analysed. PL ought to be corrected for the effects of instmmental response. 
This can be obtained by replacing the sample with a calibrated lamp (tungsten filament 
lamp with a Bentham stabilised source) and taking a measurement over the same 
wavelength range as for the PL experiment.
Measuring the PL from the QW in an edge-emitting laser (EEL) is straightforward as 
the exciting laser can penetrate the stmcture easily from the poorly reflecting top surface 
and PL be emitted without being reflected back into the stmcture. The only constraint is 
that the exciting laser needs to be chosen so that its energy is greater than that of the 
bandgap of the QW studied and smaller than that of the overlying layers so that the laser is 
not absorbed before reaching the QW layer. However, in a veitical-cavity surface-emitting 
laser (VCSEL) or a resonant-cavity light-emitting diode (RCLED), PL is useful only if the 
top highly reflective distributed Bragg reflector (DBR) is etched away. This way, the laser 
beam can reach the QW and PL be emitted without being absorbed and modified by the top 
DBR (see Figure 3.4). This is obviously destmctive. Furthermore, the bottom DBR stack 
can still modify such PL.^
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Therefore this technique is useful to get an accurate measurement of the on EELs 
but it is not of very much use to the growth industry when measuring surface-emitting 
structures as it means etching and therefore damaging the structures tested. Edge emission 
PL can be used for these structures but has several problems. Firstly, the exciting laser 
needs to go through a great number of layers and is therefore sometimes completely 
absorbed before reaching the QWs. Furthermore, it does not selectively excite the active 
region and parasitic emission from the DBR layers are often observed in the spectrum 
making its interpretation more difficult \
Sample on 
holder
DetectorLensesSpectrometerenses
Polariser
(optional)
Ref. in Signal in
Chopper
Lock-in
amplifierLaser
PC
Figure 3.1: PL experimental set up
3.2.2 Front and Edge Electro-luminescence (EL)
With electroluminescence (EL) measurements, the principal is similar to PL but the 
excitation energy necessary is transferred to the crystal electrically. Therefore, the problem 
of the choice of a laser with the right wavelength does not apply here. However, the 
structures need to be appropriately doped (e.g.: p-i-n), which is the case for all the
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structures studied here. We will also see in chapter 5 that EL has other advantages 
compared to PL.
For EL, we place the sample (e.g. a small cleaved square piece of wafer) between two 
 ^ electrodes, the bottom one a grounded copper plate, and the top a transparent conducting 
indium tin oxide (ITO) coated glass slide (see Figure 3.2). The latter is transparent (400- 
2000 mn) so that front- emission EL can pass through it and be measured. For edge 
emission EL, the top electrode is pressed down lightly on the sample at a slight angle such 
that it preferentially touches along one edge. As a result the current is confined to a fine 
strip along that edge and the portion of the EL is emitted from that edge can be collected 
from the side of the sample. Furthermore, the light collected from this edge does not have 
to travel long in the active region before it leaves the sample. This way the edge-emission is 
kept free from the waveguide effects seen in other studies.  ^  ^ The EL is excited with a 
positive square wave voltage (~ lOV peak to peak) provided by a signal generator and one 
of its outputs is connected to the lock-in amplifier to supply it with the reference frequency 
of the modulation. The current densities resulting from this square wave voltage excitation 
are typically < 20 Acni^, too small to cause any sample damage. By rotating the sample 
holder by 90°, we can detect either front- and edge-emission easily (see Figure 3.2).^  ^  ^A 
polariser is placed before the detector, either parallel or perpendicular to the plane of 
growth, in order to get to get the transverse electric (TE) and transverse magnetic (TM), 
respectively polarisations of the edge emission luminescence. These correspond to the 
electric field vector in, or perpendicular to, the plane of the QW, respectively. The rest of 
the experiment is identical to a normal PL experiment (Figure 3.1). EL ought to be 
corrected in the same way as PL for any effects of instrumental response.
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Cu electrode
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TM <-
Transparent Indium Tin Oxide 
coated glass electrode
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Lenses
To spectrometer
Front 
Emission
r u n
To measure the edge emission, 
the sample holder is rotated by 90^
i r \
To lock-in 
ref. in
Signal generator
Figure 3.2: EL sample holder.
The interest of this EL method for studies on VCSELs and RCLEDs is firstly that the 
front emission EL can give the position of the CM dip (though this is normally obtained 
from normal incidence reflectivity) (see Figure 3.4). However, in structures where several 
dips lie close together in the reflectivity spectrum, or the is very different from Acm 
due to poor growth, the front emission EL method can be misleading for determining Acm 
(the strongest peak does not necessarily corresponds to the CM - see Figures 3.3 and 3.4) so 
this method must be used with care, or in combination with measurements of R. The main 
interest in our EL technique, however, lies in the fact that the QW luminescence peak can 
be found from the edge TE polarised emission - explained in chapter 5 -  (see Figure 3.3). 
Finally, although the samples have to be cleaved for edge-EL measurements and the 
electrodes need to touch the top and bottom surfaces, no other operation (e.g.: creating 
contacts) is needed to do this experiment. This and the very low current densities , make 
our EL technique virtually non-destructive.
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1.0 Specification: QW-640nm, CM>650nm"CMEdge EL TE polarised0.9
Front EL unpolarised
8
~  0.58
0.4
2
0.1
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Figure 3.3: This illustrates how a Front EL spectrum can be misleading. Several peaks can be seen, 
which do not coiTespond to Xyw but to tlie fraction of light passing through the DBR reflectivity 
dips. It is also difficult to decide which peak corresponds to Xcm. On the other hand the edge-EL 
spectrum displays only one peak conesponding the QW luminescence.
3.2.3 Reflectance (R)
The R spectrum of a VCSEL or RCLED structure is determined by the physical 
stmcture of the distributed Bragg reflectors (DBRs) and the cavity. In a simplified picture : 
the number of alternating index pairs of the DBRs influences the R maximum of the high 
reflectivity stop band (Figure 3.4); the optical thickness of these pairs influences the 
stopband centre wavelength; the difference between the higher and lower refractive indices 
influences the stopband width; and the cavity thickness influences the position of the CM 
dip.
The position of the CM dip can be understood as follows. Let us approximate a 
VCSEL or an RCLED stmcture, consisting of two DBRs and a cavity, by an étalon of 
effective thickness d and mean effective refractive index n. The CM dip is created by the 
destmctive interference between the two rays reflected from the top and bottom mirror of 
the étalon (see Figure 3.4). Taking the n phase change at the top surface into account, these
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rays must have an optical path difference of mXcu (m = 1, 2, 3...), giving the dependence 
of ÀcM on the external angle of incidence of the probe beam {$) in the reflectivity 
experiments (mentioned earlier in chapter 2 -  Equation 2.33): ^
=■— -sin^ 6 (3.1)
From this expression, we also see that Xqm can be decreased by increasing the 0. The 
use of this fact will be explored in more detail later.
R stop band
Front EL
But emission 
can only escape 
at XcM and 
pther dips
QW 
emission 
peak
XcM=-^n^-sin^8m
m=l,2,3...
Destructive interference 
provides cavity mode (CM) dip
. 0
FP VTyett t
Cavity \ \ /  index n ^
Cavity effective 
thickness d
Figure 3.4: Schematic o f the effect o f the Bragg stacks and the cavity on the R, PR and front 
emission EL spectra is described here. The cavity mode (CM) dip at the centre o f the R spectrum 
stopband is created by a destructive interference across the cavity, between the two DBR stacks. 
The curve at the bottom of the graph represents the QW emission spectrum (e.g. as obtained from 
edge EL emission) unaffected by the DBR. The front emission EL is the result o f this ’’true” QW 
emission allowed through the R dips. Therefore, the front EL is only representative o f (l-R)x(QW  
emission). Lastly, the spectrum at the top represents the PR of such a structure. Unlike EL, PL or R, 
PR can give information about both the CM and the QW.
Two types of reflectivity experiments can be performed in air: normal incidence R 
and ^dependent R. In normal incidence R, the beam is mechanically-chopped so that the 
lock-in techniques can be used. The beam reflected back from the sample is redirected
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towards the detector using a beam splitter and focused onto the detector by a quartz lens of 
(100mm focal length). The reflected light is detected with a conventional detector/lock-in 
amplifier arrangement. For ^-dependent R measurements, these are nonnally acquired 
simultaneously with photo-modulated reflectance (PR) in the conventional PR 
set up, described later (see Figure 3.5). In this case, the R spectra are obtained from the d.c. 
part of the signal. The 6 can in theory be varied between 0®<^90®. However, due to 
experimental constraints, the range is limited to ~ 11° to ~ 88°.
R spectra from both normal incidence and ^-dependent experiments ought to be 
corrected for the effects of instmmental response. In both cases, the system response can 
obtained by replacing the sample by a good quality A1 mirror and then coiTecting using the 
A1 response obtained from literature. For ^-dependent R spectra, the system response can 
also be obtained by perfomiing a “straight through” measurement. This is done by 
removing the sample and moving the detector arm to an angle of 180° so that the light can 
be collected directly after it has passed tlirough the whole system.
The R spectrum is usefiil for characterising surface-emitting stmctures, as it allows 
one to check the quality of the DBRs and it also yields Àsragg and Xcm- However, it 
generally provides no information about Xqw and so is not useful on its own for checking 
the degree of mismatch between these two parameters (AX = Xcm-Xqw).
3.2.4 Modulated spectroscopy
Modulation spectroscopy is a class of techniques in which the sample dielectric 
frmctions, and thus the reflectance, are perturbed by a periodic external influence. The 
modulation arises from a periodic change of an external parameter such as an electric field 
(electro-modulated reflectance (ER)), pressure (piezo-modulated reflectance) or 
temperature (thenno-modulated reflectance). Photo-modulated reflectance (PR) is a fbnn of
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ER where the built-in electric field of the material is modulated by a laser. The change in 
the R incurred by the perturbation is very small compared to the reflectance (AR/R ~ 10*^  to 
10'^). The modulated R is therefore detected synchronously and phase sensitively separated 
from the unmodulated background, before being amplified. Under similar conditions, 
modulated R better defines the spectral contrast of the structure than normal R. The R 
background curve is replaced by sharp derivative-like signals in the PR spectrum, which 
can be related to QW excitonic transitions, amongst others. (Figure 3.4). In this thesis, only 
the PR and ER forms of modulated spectroscopy have been used.
For vertical-cavity structures, PR and ER allow one to find out Xcm and Aqw as well 
as their relative positions. Compared to luminescence techniques described earlier, in 
addition to the ground state energy transition, modulation spectroscopy allows one to find 
higher order QW transition energies. Other characteristics such as built in electric fields or 
layer composition can be deduced from PR and ER analyses. Such aspects are of 
importance to the manufacturer to check that growth has met the specifications before 
committing to the expense of full device fabrication and processing, and to aid in growth 
calibration. Figure 3.4 shows a simplistic summary of the information that can be obtained 
for vertical-cavity structures by modulated reflectance measurements compared to those 
obtainable from reflectance and front and edge luminescence.
3.2.4.1 Photo-modulated reflectance
In PR, a modulated laser strikes the sample at the same point where the probe beam is 
shone. In our set up, simultaneous ^-dependent PR and R measurements are (performed in 
air), using a largely conventional set up (see Figure 3.5).
56
Chapter 3 : Experimental techniques
Detectoi DC (R)Signal
AC
(AR) Lock-in
amplifierFilter
Triax
spectrometerLenses
Lamp
m
Sample on
rotatable
holder ARND filter Reference
LaserChopper
Ref.
Signal A-E#
Figure 3.5: ^-dependent PR experimental set up.
A 100 W tungsten-halogen bulb is used to provide the white light source for the 
probe beam. This is dispersed through the Triax spectrometer and then collected and 
focused onto the sample by two quartz 100 mm focal length lenses. The sample is 
positioned on an automated turntable  ^ at an angle to the incident beam which allows 
variable incident-angle scans from 11° to ~ 88°. The reflected light is collected by a 
100 mm focal length quartz lens and focused onto a detector. A coloured glass long-pass 
filter is placed before the detector to attenuate any scattered light from the laser . Another 
long-pass filter is placed between the spectrometer and the sample to attenuate second order 
spectrometer light. As in the PL experiment, the modulation is produced by a mechanically- 
chopped (~ 170-370 Hz) laser chosen so that Xiaser^ b^andgap- The intensity of the pump beam 
has to be -2-3 times larger than that of the probe. * When the PL created by the laser is 
very strong, it can add a large unwanted background to the in-phase AR signal to the
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modulation reference and therefore considerably worsen the signal-to-noise ratio when AR 
is relatively small. In such a case, this PL background can be reduced by decreasing the 
power of the pump laser e.g. by using neutral density (ND) filters. However, this also 
decreases the magnitude of AR, so a compromise must be found. Increasing the time of 
each scan and/or doing several averaging scans can also improve the quality of a noisy 
signal. The d.c. and a.c. ou^uts from the detector are measured using the d.c. and a.c. 
inputs, respectively, of a lock-in amplifier locked in to the frequency of the modulation. 
The lock-in output is sent to a PC, which subtracts any d.c. and a.c. backgrounds from the 
AR and R signals, respectively, before displaying their spectra on the screen (see Figure 
3.5). The data are also analysed on the PC. The R spectrum (d.c. signal) generally has to be 
corrected for the effects of instmmental response, as explained earlier.
PR has proved to be veiy interesting due to its non-destmctive contactless nature. 
Compared to non-destmctive contactless PL measurements, which generally only give the 
QW ground state transition energy for simple stmctures such as edge-emitting lasers, PR 
gives infonnation about more than one QW transition in edge- and surface-emitting 
structures. Finally, the features obtained with PR are generally sharper than those of PL at 
room temperature giving a better accuracy (PL often needs the sample to be cooled down to 
liquid Helium temperatures to achieve comparable resolution).
3.2.4.1.1 Angle dependent PR
The QW PR signal is not always obvious in the PR spectra of some VCSEL 
stmctures. This is often due to the high reflectivity or absorption of the layers above the 
QW (e.g. in the DBRs). This prevents the pump laser penetrating deeply enough in the 
stmcture to modulate the QW dielectric ftmction. One way to determine a QW transition 
wavelength in such a case is to tune the relative CM and QW transition wavelengths so that
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they overlap (as explained in chapter 2). The resonance and the symmetry methods (see 
chapter 2) show that a signal enhancement or a symmetry change, respectively, occurs in 
the PR when Xqw=^cm- This allows us to infer the QW wavelength fi*om the known CM 
position. To achieve Xqw~^cm, we may vary the ^on the sample, therefore its optical path 
length in the cavity, and thus Xcm (see Figure 3.4). Equation 3.1 which describes this 
behaviour is equivalent to:
^sin (3.2)
with = 2 d n andm w = 1, 2, 3...
So, by increasing the 0, it is possible to decrease ^cm and therefore cause it to cross 
provided they are not initially too far apart (VCSELs and RCLEDs are manufactured 
slightly detuned with ^cm>^w at room temperature, so that their wavelengths overlap at 
the device working temperature).
Also, for typical VCSEL and RCLED stmctures, the maximum possible blue-shift of %CM is 
approximately :
(3.3)
This allows one to foresee if ^-dependent PR at room temperature will allow a cross over 
of the features from the CM and the QW.
3.2.4.1.2 Temperature dependent PR
The temperature effect on a semiconductor bandgap (Eg) is described by the Varslini 
expression  ^:
T + b (3.4)
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where (o) is the semiconductor bandgap energy at 0° Kelvin, a, b constants
depending on the material, and T the temperature in Kelvin.
Therefore, when the temperature increases, the QW ground state energy Eqw 
decreases, equivalent to its wavelength %qw increasing. In addition, when the temperature is 
increased, Xcm increases too, due to the lattice thennal expansion and the temperature 
dependent change of the cavity refractive index (see Equation 3.1 when T  increases d  and n 
increase therefore X increases). However, the temperature dependence of the ^cm is much 
smaller than that of %qw. In our studies, we find that ÀcM moves roughly four times more 
slowly than Xqw- Thus Àqw will be able to “catch up” with ^cm as the temperature is 
increased if Àqw <  A,cm at room temperature. This is an additional tool to tune the relative 
positions of Àqw and Xcm , only this thne Àqw is tuned to cross ^cm.
For the temperature variation experiments, the sample is attached to the copper mount 
of a heating coil with silver dag (see Figure 3.6). A cunent is passed tlirough the coil, 
wliich increases the sample temperature. The temperature is monitored with a copper- 
constantan thermocouple hot junction embedded in the copper mount, while its cold 
reference junction is held in a Dewar containing ice and water. We assume that the 
temperature remains unifonn across the sample and the mount. It is also possible to use a 
temperature controller to stabilise the sample temperature during the experiment. The latter 
was developed after the series of experiments presented in this thesis.
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Figure 3.6: Temperature dependent PR experimental set up.
3.2.4.1.3 Correlated angle and temperature dependent PR
When using ^-dependent PR, if A,cm and Xqw are initially very far apart, it may only 
be possible to get A,cm = Xqw at a very high $ (and there is not necessarily a cross over) or 
not at all. However, using both the $- and T- dependent PR methods, we can overcome this 
problem and extend the possible range of cross over (if Xqw > ^cm at room temperature). 
We can either hold the temperature constant at a chosen value above 300K and vary the 
angle, or fix the sample at a higher incidence-angle than normal incidence and then heat the 
sample.
3.2.4.2 Electro-modulated reflectance
For ER, the modulation is provided by a periodic electric field applied to the 
structure. Here, this was done using the same sample holder as in the front emission EL 
experiment (Figure 3.2) to apply an a.c. electric field (E ~ IkV/cm amplitude). However,
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this time, the sample is very slightly pressed uniformly between the two flat electrodes so 
that the whole sample is electrically modulated.
The rest of the experiment arrangement is similar to that of PR ’ ' except that there is 
no pump laser (Figure 3.7). Due to the unavailability of the Triax monochromator at the 
time, a 0.5 m Spex 1870 monochromator (600 lines/mm grating blazed at lp.m) was used to 
disperse the white light produced by a 100 W tungsten-halogen lamp. The width of the slits 
was adjustable up to 2000|im with a maximum adjustable height of 2mm. The high a.c. 
fields necessary for ER were obtained from the output of the internal oscillator of the lock- 
in amplifier, which was passed through a current booster and amplified 200 times using a 
step-up transformer. Because the oscillator is part of the lock-in amplifier, the reference 
signal was automatically provided internally.
InGaAs
detector.
E~lkV/cm
Signal
Indium tin _  
coated glass
Copper
plate
Filter
Lenses Spectrometer Lamp
DC (R)
AC
(AR) Lock-in 
amplifier
Sample in 
holder
.Signal A-Dy i = l
AR
R
AC
k-Voltage source
Figure 3.7 : ER experimental set up
As with the EL experiments, although the samples need to be cleaved, the method is 
otherwise virtually non-destructive due to the fact that virtually no current goes through the 
sample, and there is no need to create metallic contacts. It can be used in cases when PR
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does not give satisfactory results (e.g. : when the pump laser is significantly absorbed by 
the narrower bandgaps of the upper layers such as DBRs, barrier material, the surface 
electric field is not large enough to provide a strong enough PR signal etc...).
3.3 Summary
All the spectroscopic methods described in this chapter have been used in this thesis. 
More specifically, in chapter 4, red emitting RCLEDs were characterised using mainly 0- 
and temperature-dependent PR. Chapter 5 is dedicated to EL and its front- and TE edge- 
emissions. In chapter 6 and 7, ^dependent PR is performed on 850 nm and 980 nm infra­
red VCSEL structures. In chapter 7, the ^-dependent R spectra are analysed in a special 
way and give unusual information about the QW transitions. Chapter 8 uses ER to 
characterise edge-emitting structures at 1450 mn. PL, R and TE edge EL are used in most 
cases used as coiToborative measurements.
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Chapter 4
Characterisation of Red Resonant-Cavity Light- 
Emitting Diode structures using Reflectance, 
Photo-modulated Reflectance and Electro- 
Luminescence techniques
4.1 Introduction
Light emitting diodes (LEDs) are important devices in communications and optical 
displays. However, conventional LEDs have several drawbacks such as a low efficiency, a 
wide angular emission, a broad spectral line width and a low modulation speed. Resonant- 
cavity light-emitting diode (RCLED) structures were first realised in 1992  ^ in the GaAs 
material system. The main advantages of resonant cavity devices over conventional LEDs 
are their higher emission intensities, higher spectral purity and a more directed emission 
pattern. They also have a good temperature stability and a higher modulation bandwidth.  ^  ^
The RCLED structure has less top DBR pairs but is otherwise very similar to a 
veitical-cavity surface-emitting laser (VCSEL) structure. RCLEDs also have many 
advantages over VCSELs, which include: a higher reliability, a lower cost, and a simplicity 
of fabrication. These advantages make RCLEDs the device of choice for short and medium 
distance (<5 km), medium bit rate (<1 Gb/s) optical fibre communication systems and other 
application which do not require laser specificity (high power and spectral purity).
In this chapter, we use reflectance (R), photo-modulated reflectance (PR), and 
electro-luminescence (EL) to characterise non-destructively several RCLED stmctures. 
Different methods of analysis are used to draw the cavity mode (CM) and the quantum well
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(QW) transition wavelengths, which are parameters of vital importance to the growth 
industry. Their relative importance to these structures is discussed.
4.2 Sample details
Five RCLED structures are studied here. Samples A-D were grown, by International 
Quantum Electronics (IQE) -  Cardiff, U.K. -  using metal organic vapour deposition 
(MOCVD) and sample E by Tampere University of Technology (TUT) -  Tampere, Finland 
-  using solid-source molecular beam epitaxy, both on a GaAs substrate. The substrate was 
rotated during the growth so that the wafers are veiy uniform in the plane of their surface. 
All the structures A-E comprise unstrained Gai.yInyP QWs in a (AlxGai-x)i-yInyP Fabry 
Perot (FP) cavity layer (of optical thickness ~^cm), sandwiched between p+ and n+ doped 
distributed Bragg reflectors (DBRs) comprising typically 10 (top) and 30 (bottom) pairs of 
Alx 1 Gai _xi As/Alx2Gai -xiAs layers. The samples differ in numbers of QWs and DBR pairs 
but are all intended to operate near 650-670 nm (1.907-1.851 eV). No more details were 
obtainable due to the conunercial sensitivity of these structures.
4.3 Experimental details
As explained in chapter 2, it is of interest to study the interaction of the PR signals 
from the CM and the QW respectively when their wavelengths overlap,  ^  ^^  as a method of 
finding out the ground state QW and sometimes higher order transition wavelengths. One 
way to do this is to vary the CM wavelength (while the QW wavelength remains constant) 
by varying the angle of incidence of the probe beam. Therefore, simultaneous angle 
dependent PR and R measurements were performed for all RCLEDs (A-E), in air, at room 
temperature using a conventional set up described in chapter 3. The modulation was 
provided by a mechanically-chopped (178Hz or 300Hz) air-cooled 29 mW, green (514 nm)
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argon ion laser. Its power was attenuated by a neutral density filter to ~ 0.9 mW. For 
RCLED E, new specially written software was used to vaiy the probe beam and detector 
angles automatically
A new way of getting the CM and the QW wavelengths to overlap was implemented 
at a later stage, which consists of vaiying the temperature of the sample.^ Both the CM and 
the QW wavelengths increase with temperature, but the latter four times faster, therefore 
enabling the QW wavelengths to cross over the CM wavelength if the sample is heated to a 
high enough temperature. This method was applied to sample E. The latter was mounted on 
a heater (see chapter 3), which allowed its temperature to be varied from 300 to 533 K. 
Finally, correlated angle- (0) and temperature- (7) dependent PR and R were performed : 
by fixing the T at a higher value than room temperature and varying 0, or fixing 0 above 
normal incidence and varying T, the range of possibilities to obtain overlap of the QW and 
the CM signals can be increased.
To provide additional confinnation of the PR and R results for the ground state 
transition energy, EL measurements (front and edge emission) were also performed, at 
room temperature, on all RCLED structures (A-E), as described previously (see chapter 3). 
The current densities resulting from the square wave voltage excitation for the EL 
experiments were typically < 20 Acm’^ , too small to cause any sample damage. The PR 
spectra of RCLED structures A-D were fitted with the simplified lineshape model 
(explained in chapter 2) as a final refinement of the results for the QW transition 
wavelengths whereas, for RCLED E, the 0- and T- dependent PR measurements gave 
enough infoiination about the ground state and the higher order transitions of the QW 
without the need to use fitting.
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The instmmental resolution (FWHM) used for the IQE RCLEDs A-D, in the edge
emission EL experiments, was ~2.6 nm, over the wavelength range of the measurements.
This was sufficient, due to the wide edge emission EL (FWHM -^60 nm). In the PR, R and
front emission EL experiments, the instrumental resolution was tightened to 1 nm, much
less than the FWHM (~20 nm) of the QW and CM features in these RCLEDs. However,
sample D had rather weak PR and R signals, so in the angle-dependent measurements we
had to use the poorer resolution: ~2.64 nm. The signals were recorded with a conventional
Si-detector/lock-in amplifier arrangement.
For the TUT RCLED E, in the nomial-incidence R and front-emission EL 
measurements, the instrumental resolution (FWHM) was 1.3 nm, sufficient for the 
emission features of the RC-LED. For the 0- and T-dependent R and PR spectra, and edge- 
EL, the instrumental FWHM was 0.78 nm. Signals were detected with a Si-diode / lock-in 
amplifier arrangement, except for the edge-emission EL where a photo-multiplier tube was 
used because of the weakness of the signal.
4.4 Experimental results and discussion
4.4.1 Room temperature characterisation performed on IQE RCLED 
C
4.4.1.1 Resonance method at room temperature
First, we examine the results for RCLED C. RCLEDs A, B and D give similar results. 
Typical normalised 300K R spectra are depicted in Figure 4.1, for the example of RCLED 
sample C, in the spectral region near the CM/QW resonance, for the probe beam <9 ranging 
from 13” to 65”. They show a smoothly shifting CM (an example of the full R spectrum, at 
noimal incidence, is included in Figure 4.5). However, there are no discernible features in
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Figure 4.1 associated with the QW and therefore this experiment alone does not provide 
enough information as to the quality of the wafer.
To provide additional infoiination, Figure 4.2 shows the corresponding PR spectra for 
sample C, which clearly display two prominent main features, attributable to the moving 
CM and the stationaiy QW groimd state exciton eihhi (-642.5 nm). Also, a QW higher 
order transition (H.O.T.) (-633 mn) is noticeable at higher angles of incidence (-50” and 
above). The wavelength of the CM feature decreases with 0, in accordance with the 
corresponding R feature in Figure 4.1, and hence crosses the two QW transition 
wavelengths. Here, an amplitude resonance between the CM and eihhi occurs around 35”.
One important thing to note is that, as opposed to VCSEL structures, RCLED 
stmctures as demonstrated here, do display stronger QW features due to the fact mainly that 
they have less top DBR pairs. This can be explained as follows: the reflectivity and the 
absoiption of the DBRs is reduced, allowing the pumping laser to penetrate the active 
region better and the output light to escape. This makes PR a very useful technique for 
testing them.
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Figiu’e 4.1 ; Normalised room temperature R spectra of the IQE RCLED structure, sample C, as a 
function of incidence angle 6.
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Figure 4.2: Normalised room temperature PR spectra of the RCLED structure, sample C, 
corresponding to the R spectra in Figure 4.1, as a function of incidence angle {d). The solid curves 
are least-squares fits (see chapter 2). The solid arrow shows how the Àcm decreases with increasing 
6. The dashed lines are positioned at /L/w and Xh.o.t •
From Figure 4.3, it may be seen that the PR signal is enhanced by a factor of ~5 at 
resonance, relative to the signal at 13°. This provides a convenient, quick and easy way of 
estimating the QW ground state transition wavelength. Figure 4.3 (lower plot) shows the
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amplitude of the PR signal, while the upper plot shows the CM wavelength (taken from the 
R spectra), both as a function of 6. By assuming that the CM and eihhi wavelengths are 
virtually equal at the resonance, we esthnate the latter as follows. From the angle at which 
the maximum PR amplitude occurs on the lower plot, the conesponding CM wavelength at 
the same angle on the upper plot gives a value of 643±1.5 mn, where the eiTor is due to the 
uncertainty in locating the maximum in the PR amplitude. One reason for this is that the 
lineshape of the PR signal becomes quite complicated when the CM and a QW feature 
overlap (see Figure 4.2). It is therefore useful to use lineshape modelling to refine the above 
estimate of the QW transition wavelength.
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Figui'e 4.3: Upper plot: Position of the CM wavelength as a function o f ^ (filled circles) determined 
fi*om the R spectra o f Figure 4.1 for RCLED C and fit (curve) with Equation 3.2 (upper plot). 
Lower plot: PR amplitude signal of the same sample (filled squares), as determined from Figur e 4.2, 
by measur'ing the difference between the maximum and minimmn PR signals at any given angle, 
near the CM wavelength. The solid curve is a guide to the eye.
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4.4.1.2 Lineshape fitting
The fits to the experimental data using the simplified model discussed previously in 
chapter 2 are shown in Figure 4,2 as curves. We used two QW oscillators in the fits and the 
quality of the fit is very satisfactory and it reproduces both the shape and the signal strength 
at resonance. The wavelength of a second QW transition, X h . o . t . ,  is extracted through this 
process. However, the amplitude resonance corresponding to Xcm“ A,h.o.t. occurs very soon 
after the first one corresponding to XcM«X.eihhi and close to the physical limit of the angle of 
incidence in the experiment making the fitting procedure somewhat more difficult. Figure 
4.4 summarises the results of the PR fitting of sample C in Figure 4.2.
655
Sample C 
300K650
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Figure 4.4; Results from fitting the PR spectra o f RCLED C in Figure 4.2.
■  Wavelengths o f the ground state QW transition and the next higher order transition (H.O.T.)
#  Corresponding fitted CM wavelength
•  Wavelength of the CM obtained from the R spectra
The solid line is a fit to the CM wavelength as a function o f 6  obtained from the R spectra using 
Equation 3.2.
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It is noticeable that the fitted values for the CM and eihhi wavelengths agree well with the 
coixesponding results from the R spectra (Figure 4.1), and the PR resonance behaviour 
(Figure 4.3), respectively. The values obtained from the fits for eihhi, and higher order, 
transition wavelengths remain fairly constant with increasing 6 (at 642.5 mn and 633 nm, 
respectively), as expected.
4.4.1.3 Normal incidence R, edge and front emission EL
Figure 4.5 displays tliree further spectra for sample C: the full R spectrum at normal 
incidence, the front emission, and edge TE polarised EL spectra. One can see from the first 
two curves that the front emission EL has misleading peaks corresponding to the various 
dips in the R spectmm. Therefore it does not give any information as to what the true QW 
emission wavelength is. However, the edge emission EL is clearly unaffected by the DBRs 
and is close to the true luminescence spectmm. It peaks near 641.5 nm, which is in good 
agreement with the earlier results from the PR amplitude resonance and the fits. 
Furthermore, the spectmm does not display any DBR effect seen in other studies because 
the EL is excited close to the edge. However, it is important to remember, that one cannot 
in general take the assumption that the edge-emission EL is the “tme” QW emission peak, 
because re-absoiption effects in the active medium can slightly red-shift the edge emission 
as we explain in chapter 5. However, in the present samples, the red shifts are thought to be 
negligible (<lnm).
Similar results were obtained for the other thiee RCLED samples. A, B and D. A 
summaiy of the results is presented in table 4.1.
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Figure 4.5: Noimal incidence Reflectivity, Front and Edge emission electro luminescence 
measurements on RCLED C.
RCLED
sample
CM
R(6=0°)
Edge EL 
peak
eihhi PR resonance 
' with CM
eihhi PR 
fit
H.O.T. PR 
fit
A 664.5 651.0 652.5 650.5 640.0
B 660.0 649.5 652.0 650.0 642.5
C 652.5 641.5 643.0 642.5 633.0
D 669.5 653.0 652.5 655.5 649.0
E 681 657 not reached
Table 4.1: Sununary of the results obtained with the resonance technique and fitting for the 
CM and the QW transitions wavelength in mn of RCLED A-E at room temperature.
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These experiments on the red RCLEDs A-D have shown that by varying the angle of 
incidence of the probe beam at room temperature, it is possible to change the CM 
wavelength of these stmctures. When the CM overlaps with the QW ground state transition, 
the PR signal is enhanced allowing us to find out the relative position of the CM and the 
QW. We have also successfully used PR lineshape fitting to deteiinine precisely the value 
of both the ground state, and a higher order, QW transitions. Finally edge-emission EL 
confinned the QW emission wavelength, again in a virtually non-destmctive way.
PR, R, front- and TE edge- emission EL at room temperature are potentially very 
useful tools in the groAvth industry to deteimine ^ cm and For non-unifonn wafers, this 
can reveal which parts of wafers are close enough to specification, and suitable for 
proceeding to device fabrication (or re-growth the wafer). However, in some cases as we 
will see next, room temperature ^dependent PR does not allow a large enough shift of %cM 
to detemiine Xqw with the resonance technique. The following gives a solution for some of 
these cases.
4.4.2 Limits of room temperature measurements on TUT RCLED E 
and solutions
Using ^dependence to get the CM to cross over the QW wavelength only works 
when ^CM > %qw at normal incidence (which is usually the case because it is part of the 
growth specification of RCLED stmctures) and the wavelength difference AX ~ Xcm - Xqw 
is not too large at room temperature. If one or both of these conditions are not satisfied, the 
^dependent resonance technique will not work. In such cases, it may be possible to use T- 
dependent PR or even a combination of both 0~ and T-dependent PR. This is what is 
described next.
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4,4.2.1 Room temperature experiment
In the case of RCLED E, at room temperature and nonnal incidence the CM 
wavelength obtained from the R experiment is Xcm (0°) = 681 mn (graph not displayed). 
Referring back to chapter 3 if the effective refractive index of the cavity is -  3.75 (see later) 
the maximum shift possible for the CM, AA-max (see Equation 3.3), is ~ 24 nm i.e. a 
minimum Acm of -657 mn is possible (as 6 90°). A value of the QW wavelength is
given by the edge emission EL as -657 mn. This suggests that Acm is too far away from the 
Aqw feature for the cross over to be possible by only varying $. This is confirmed by Figure
4.6, which displays room temperature ^-dependent R and PR measurements. From the PR 
spectia we can guess that, as expected, the CM dip will not cross over the QW feature 
completely for the range of Acm possible as at 52.5° it has not reached the QW yet and the 
CM moves slower when coming to higher angles closer to 90°. Therefore the resonance 
between the QW ground state transition and the CM cannot be reached and this method 
does not provide the expected information for this sample at room temperature.
It is important to note that the QW transition wavelengths are clearly visible in the PR 
spectra for this sample because of the low DBR reflectivity of such an RCLED structure 
and accurate estimates of these wavelength can be obtained easily using techniques such as 
the PR modulus. However, we have an unusual opportunity, here, to check somewhat more 
indirect techniques such as 9~ and T- dependent PR and virtual Aez plot experiments, if 
these techniques provide estimates of Aqw which agree well with direct PR observations in 
this sample, then confidence in using the indirect methods will be increased in the more 
difficult situations where the QW feature is not observable in PR.
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Figure 4.6; Left plot: example nomialised R spectra at room temperature, for RCLED E, as a 
function of between 15° to 52.5° every 2.5°. A fixed feature corresponding to the QW ground 
state can be noticed in all spectra. Right plot: the correspondmg PR spectra. The fixed QW featuie 
is clearly visible in the PR near 656 nm and another fixed feature can be noticed at lower 
wavelength. Both are shown by vertical dashed lines. The spectral baselines are offset by the 
amount indicated by the ticks on the y axes. The cavity mode position is indicated by ‘CM’ (and 
the dashed curve in the right plot) and ‘a’ and ‘b’ indicate two subsidiary minima in R (left plot).
A s mentioned earlier, in this case, the PR features from QW transitions are quite 
strong and one can use the modulus method to get a quick estimate o f  the wavelengths 
coiTesponding to those. W e used the KK transfonn to get the PR modulus o f  each  
measured PR spectrum at different 6  (see chapter 2). The result can be seen in Figure 4.7.
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One can immediately notice a strong peak at fixed wavelength (-656 nm) corresponding to 
the QW ground state transition and a feature moving to lower wavelength when the angle is 
increased corresponding to the CM. Also clearly noticeable is a second fixed feature at 
lower wavelength (-642 nm) with a moving feature corresponding to the dip ‘b’ in the R 
spectra.
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Figiu'c 4.7: Example PR modulus spectra obtamed by KK transformation o f the PR spectia from 
Figure 4.6, using Equation 2.44, for various 0 between 15® and 52.5®. The CM featme can be seen 
as a peak moving (dotted line) from high X, and small â  towaids a fixed peak near 656 nm arising 
from the QW ground state transition. A small feature marked ‘b’ (due to the dip m R in Figure 4.6), 
moves to lower X for Û> 40®, passing through a second fixed pedc near 643 imi which we attribute 
to a higher order transition (H.O.T.) in the QW.
A further confirmation to the ground state wavelength value obtained with this 
method is the presence of a fixed feature in the ^dependent R spectra near -658 nm (see 
Figure 4.6 -  left plot). This is again probably due to the low reflectivity of the DBR mirrors 
in RCLED structures.
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Figure 4.8: Upper plot: Xcm and Xy read from the room temperature R spectra displayed on Figure 
4.6, with increasing 0 from 15° to 87.5°. The solid curves represent fits with Equation 3.2. The 
horizontal lines represent the positions o f the QW ground state and higher order transitions 
respectively as determined from the peaks in the PR modulus spectra (Figure 4.7). Lower plot: 
The amplitude o f the PR modulus signal near the CM (filled circles) and the b-dip (filled squares) 
as a function of 6. A resonance is seen in the PR modulus near 40°, due to the crossing o f the 
H.O.T. by the b-dip indicated by the vertical arrow. Xcm does not decrease enough to complete the 
cross over o f Xqw but the onset o f its resonance is observed at high 6.
Here, the interaction between dip ‘b’ and the weak feature located at ~642 nm was 
used to confirm the wavelength of that H.O.T. QW transition. The lower plot of Figure 4.8 
shows the amplitude of the PR the signal at Xcm and also at the wavelength corresponding 
to dip ‘b’, X,b, as a function of the angle of incidence of the probe beam. The upper plot
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displays the wavelength of these features in the R spectmm. The solid curves are fits with 
Equation 3.2 giving %CM(0°) = 680.1 nm and n = 3.74. These graphs clearly display that the 
PR signal at Xcm increases towards a resonance but never reaches it as explained 
previously. However, the resonance phenomenon does occur between dip ‘b’ and the QW 
H.O.T. at 40® giving X h .o .t . ”  40®) »  642 nm.
From this first set of experiments, we note that in the case of RCLEDs where several 
QW features are often directly noticeable of the PR spectra, the use of the KK transform to 
get the PR modulus is a quick and easy way of getting a good estimate of the QW transition 
wavelengths. Also, additional dips in the R spectmm other than the CM, can show 
resonances with appropriate QW transitions and therefore be used to get information about 
the latter.
Next we demonstrate that, in cases where the QW and the CM wavelengths are too 
far apart at room temperature and normal incidence, the use of T-dependent in addition to 
^dependent PR can be a welcome tool to yield a good cross over between the QW and the 
CM and yield wavelengths values for QW transitions when these are not directly 
observable in the PR like in this case.
4.4.2.2 Temperature dependent PR of RCLED E at fixed angle
As explained previously, in RCLED E the CM and the QW ground state transition 
wavelengths are too far apart at room temperature and normal incidence to reach an 
amplitude resonance of the PR signal by varying the ^only. Therefore in the following, we 
initially bring the two features closer together, by fixing 6 at 45® and then we increase the 
temperature of the sample. The following describes T-dependent R and PR measurements 
perfomied at fixed ^on sample E.
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R and PR spectra were recorded at 45° for the temperature varying between 
~28°C and ~260°C in steps of ~10°C. The modulus of the PR spectra were calculated and 
are shown in Figure 4.9, The arrows on the graph show how IcM, and Àh.o.t. shift 
towards longer wavelengths as the temperature of the sample is increased. One can also see 
that, by 200°C, both the QW transitions have crossed over the CM feature.
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Figure 4.9 : Example PR modulus spectra obtained by KK transformation (using Equation 2.44) o f  
the-PR spectra recorded at 45°C for the temperature varying between ~28°C and ~252°C in steps 
of 10°C. The solid aiTows show how the three featui'es from the CM and the transitions shift 
towards longer wavelength as the temperature o f the sample is increased. Between 70°C and 200°C, 
both QW transition features cross the CM feature where amplitude resonances are seen (shown in 
Figure 4.10).
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Figure 4.10 summarises the results. The upper plot displays Xcm obtamed from the R
spectra, Xqw  and Xh .g .t . obtamed from the modulus peaks of the PR spectra as a âmction of
T  (see Figure 4.9), which explains the gap between about 120°C and 220°C : over this range
the interaction with the CM prevents clear observation of separate QW and H.O.T modulus
peaks. From the data in Figure 4.10, we obtained an accurate, quantitative estimate for the
r-dependence of each of the three features’ wavelengths at 45° :
Àcm(T) = 667.3 + 0.053T, (4.1)
À q w ( T )  = 649.4 + 0.230T, (4.2)
and À h .o .t . ( T )  = 633.9 + 0.25T . (4.3)
where T is in °C and X in nm, all represented in Figure 4.10 by straight lines through
the experimental points for Xcm , Xqw and Xh .g .t . respectively.
From the Varshni expression (Equation 3.4), for small variations of temperature
near and above room temperature, there is a linear dependence between the QW bandgap
energy and the temperature. Here, we find an approximately linear dependence of the QW
transition wavelengths on temperature. The CM wavelength is also found to have linear
dependence with the temperature. We can see that both the QW transition wavelengths red-
shift with increasing T. Due to themial expansion of the cavity length and a change in its
refi'active index w, Xcm also increases with T, however about four times more slowly,
allowing both the QW transitions to catch up and cross over.
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Figure 4.10: Results of Z’-variation experiments on R and PR spectra at 0 = 45°. Upper plot : Xcm 
(open circles, as determined from R) , Xqw (filled circles) and Xh.o.t. (filled squares). Xqw and Xh.o.t. 
were determined from the peak positions in the PR modulus spectra (not displayed). The solid lines 
are from Equation 4.1, 4.2, 4.3. The open triangles represent results for Xcm and Xh.o.t. from 8- 
tuning experiments at fixed T  (see Figure 4.7 & 4.12 ). Lower plot : amplitude o f the PR signal 
(filled circles) as a function o f T, showing two resonances near 110°C and 170°C, corresponding to 
Xqw and X h.o.t crossing Xcm (as indicated by the vertical arrows). The curve is a guide to the eye.
This leads to two resonances of the PR signal amplitude at two different temperatures 
(Aqw = C^M ~ 673 nm at Z~ 110°C and X,h .o .t . -  ~ 675 nm at Z~ 170°C respectively)
84
Chapter 4 : Characterisation o f  Red Resonant-Cavitv Light-Emitting Diode stmctures using Reflectance.
Photo-modulated Reflectance and Electro-Luminescence techniques
displayed on the lower plot of Figure 4.10. Both Xqw(T) and Xn.o.T.ÇO (Equations 4.2 and 
4.3) extrapolate well to the previous room temperature results (open triangles around 30°C). 
From the above observation, one can see that if the temperature behaviour of the QW 
transitions is known (from the values obtained at resonance at a given temperature), this 
can yield their wavelengths at room temperature. On the other hand, if the temperature 
behaviour of the QW transition is not known, it is possible to perform two sets of 0- 
dependent PR experiments at two different T. Then, from the two wavelengths (for each 
QW transition) obtained from the resonance, we can yield the approximately linear 
dependence of the QW transitions with the temperature.
Next we see that by fixing the temperature of the sample higher than room 
temperature, it is possible to move the QW transitions closer to the CM before performing a 
^dependent PR experiment to find the resonance. This dramatically extends the range of 
wavelength for which we can get a clean cross over of the QW with the CM which was 
initially limited to the maximum A X m a x  (see Equation 3.3 in chapter 3) by angle tuning 
alone.
4 ,4 ,23  Angle dependent PR at high temperature
Figure 4.11 shows some of the PR spectra obtamed at fixed temperature T = 113°C 
and varying angle from 11° to 77.5® in steps of 2.5°. In contrast to the same experiment 
peifonned at room temperature (see Figure 4.6), this time the CM crosses over the QW 
ground state transition cleanly.
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Figure 4.11 ; Example ^dependent PR spectra at 113®C. The dashed curve is a guide to the eye 
showing 'kcu(6) obtained from the R spectra. The vertical dashed line shows Xqw remaining 
constant at ~674 nm with increasing 6 (obtained fr om the PR modulus spectra displayed in Figure 
4.12). The H.O.T. is weaker here, due to thermal broadening, at higher temperatme than in Figure
4.6, but it is indicated at ~660 nm by the PR modulus spectra (Figui'e 4.12).
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Figure 4.12 : Example ^dependent PR spectra modulus at 113®C. The vertical dashed curve is a 
guide to tlie eye showing lcM(0 obtained from tlie R spectra. The vertical dashed line shows Xqw 
remaining constant at ~674 nm with increasing B, The H.O.T. is weaker here, due to thermal 
broadening, at higher temperature than in Figure 4.6, but a fixed peak is seen at -660 nm. -
Like in the experiment at room temperature, the PR modulus (Figure 4.12) shows two fixed 
peaks (near -674 nm and -660 mn) corresponding to the QW ground state transition and
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H.O.T. respectively. The latter feature is a bit weaker than in the previous room 
temperature experiment due to thermal broadening.
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Figure 4.13: Results of high temperature (113°C) ^dependent PR experiments. The open circles 
indicate (obtained hom R spectra) as a function of sin^^ demonstrating the linear behaviour 
predicted by Equation 4.4. The filled circles show the maximum amplitude of the PR modulus 
signal near XcM at each 6. The resonance is at 6= A2.5° at a IcM “ ~ 674 nm (left horizontal
arrow). The curve is a guide to the eye.
A summary of these results is shown in Figure 4.13 with À^ cM as a function sin^^ 
and a fit with an equivalent to Equation 3.2 :
4 m {&)= 4 m ( 0 « ) - 4 4 ^  sin^^n (4.4)
which underlines the closely linear dependence of with sin^^, giving ^cm(0°) = 685.6 
nm at r  = 113°C and n= 3.74. Also displayed is the amplitude of the PR modulus signal at
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%CM. A resonance is seen at a ^cm corresponding to ?iqw near 674 nm. This is consistent 
with the PR modulus estimate previously given and very close to the value calculated from 
the temperature dependence of the QW ground state (with Equation 4.2) wavelength 
^w (113T ) = 675.39 nm.
Like in the previous section, by using a combination of both the T~ and ^-dependence of 
PR, this time however with fixed T  and changing 0, we achieve a good cross over of the 
QW and CM, which we were unable to achieve in our first experiment at room temperature. 
Once again, the temperature behaviour of the QW transitions needs to be known to obtain 
the room temperature QW transition wavelengths from the results obtained at a different 
temperature. If not, two sets of experiments can be done for two different sample 
temperatures, say, in order to yield its temperature behaviour. As heating to such 
temperature does not affect the samples (they are submitted to much higher temperature 
during their growth with no side effects), this constitutes another non-destmctive way of 
determining the QW transition wavelengths.
A A 2 A  The virtual A82 plot method
Here, we have used the existing results from the previous ^dependent PR experiment 
performed at fixed temperature (r~113°C). However, with the viitual A82 method (see 
chapter 2), instead of performing a full PR scan at each angle of incidence, 0, of the probe 
beam, at fixed T, to get Xqw it is only necessary to measure the PR signal at a single 
wavelength (Xcm assumed known), for different 0 (i.e. different values of Xcm) for the full 
range of cross over between the CM and the QW ground state transition. This implies that 
the experiment can be perfoimed much more quickly. As explained in chapter 2, the
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resulting spectrum is directly proportional to the QW Ae2  ^and therefore gives the ground 
state transition of the QW.
V ir tu a l  Ae_ p lo t
w33■oOE
a:CL
0Ô
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RCLED E 
T =  113T
2
0
##
2
650 660 670 680 690
W ave leng th  (nm)
Figure 4.14 : Virtual Ae^  plot obtained from high-T (113°C) ^dependent PR experiments (Figure 
4.11). The filled circles show the PR signal at Xcm for different 6, which, according to Equation 
2.49 is proportional to the QW modulated dielectric function Ae^ . Also shown is the modulus of this 
signal (upper black solid cui ve) whose peak near 673 nm gives a good indication of Xqw The 
dashed curves show full PR spech a for two different 6, each of which provided a single datum for 
the Ae2 plot.
Figure 4.14 shows the pAeg plot (filled circles) obtained from the PR spectra at 113®C and 
its modulus (solid line), which results in a peak at 673 nm. Also displayed as dashed curves 
are PR spectra taken before and after the resonance (40° and 55° respectively). It is of 
interest to notice that (3A82 forms an envelope for the full PR spectra at different angles.
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As can be seen from the above result, the virtual A82 plot gives a value for Xqw ~ 673 
mn at T = 113°C very consistent with the results obtained previously with the conventional 
resonance method at that same temperature of 113°C (~ 674 nm). We deduce that this 
method provides an accurate way of finding the QW ground state wavelength. It is also 
much faster than the resonance method as only one measurement at A,cm for each 6 is in 
principle needed and it yields Àqw directly with no need for any additional analysis.
The results obtained throughout all the experiments performed on RCLED E are all 
consistent with each other (see Table 4.2) implying that the PR modulus, the T- and 6- 
dependant PR amplitude resonance, as well as the viitual A82 plot techniques all give 
accurate results and can be used safely. The last three techniques especially will be very 
important for samples where no other feature than the CM can be seen in the PR spectra. 
Also the ability to use combined T- and ^dependent PR is of potential interest for the 
growth industry in order to have a clean cross over between QW and CM when $- 
dependent PR at room temperature is not sufficient.
RCLED
E
Edge EL 
peak
0-tuning PR 
resonance at 
T=26.5°C
PR
modulus
T=26.5T
0-tuning PR 
resonance at 
T=113"C
PR
modulus
T=113”C
T-tuning PR 
resonance at 
0=45°
Virtual 
A82 plot 
T=I13°C
eiWii
(nm)
657 out of range 656 674 674
673
T~110°C
673
H.O.T.
(nm)
N/A
642 
(with b dip)
642 out of range 660
675 
T ~170°C
N/A
Table 4.2 : Summary of the results obtained for the QW transitions of RCLED E with the resonance 
technique (with the CM and die b dip) by 6 t^uning and 7-tuning PR and a combination of the two.
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4.4.3 Symmetry theory on RCLED A
After the initial studies on IQE RCLEDs A-D, RCLED A was re-examined to check 
our symmetry theory (see chapter 2) as it seemed to display a peculiar change in symmetry 
of the coupled QW-CM PR feature when the CM was close to the QW transition 
wavelength. It was found to exhibit the symmetry behaviour (see Figure 4.15.a) explained 
previously in chapter 2. As a matter of fact, later, we found from the simulation of the PR 
spectra that the broadening of the QW emission (Fqw ~ 18 nm) is much larger than that of 
the CM feature ( F c m  ~ 8 mn). Therefore, it seems that in the case of sample A, this 
difference is enough for the condition Fcm^Fqw to be fulfilled and the symmetry rather 
than the resonance theoiy is better suited to analyse RCLED A. As explained in chapter 2, 
with the syimnetiy method,^ the PR lineshape symmetry will be determined by that of the 
Séraphin coefficients a  and f5 whose relative contributions are detennined by the relative 
magnitude of Asi and As2 respectively. In Figure 4.15.a, it is observable that, as the CM is 
tuned through the QW, the signal passes first through a syimnetrical lineshape at 40°. 
According to the theory explained in chapter 2, this corresponds to Asi = 0 and therefore 
the PR lineshape symmetry corresponds to that of p. Then an antisymmetrical lineshape 
occurs at 50°, Here, Aez = 0 and the symmetiy corresponds to that of a  and Àcm = Xqw. 
Finally, the PR becomes symmetrical again at 60°, but this time with an opposite phase 
from the signal at 40° {Aci ~ 0 and the symmetry corresponds to that of |3 again). 
Therefore, as expected from the syimnetry theory, the antisymmetric feature (displayed at 6 
-  50° -  see Figure 4.15.a) does correspond exactly to the position of the fixed QW feature 
in the PR spectmm (Xqw ~ 650 mn -  see 15° PR spectram in Figure 4.15.a), which is also 
very close to the value obtained from edge emission EL (~ 651 mn).
92
Chapter 4 : Chai’acterisation of Red Resonant-Cavitv Light-Emitting Diode structures using Reflectance. 
Photo-modulated Reflectance and Electro-Luminescence techniques
This is reproduced in the simulation of the PR signal performed by Dr Ghosh.  ^The 
latter is calculated by introducing a perturbation AEqw in the expression of e(E, Eqw)  taken 
from Equation (2.45) which is used in the transfer matrix (see chapter 2 -  Equation 2.16) to 
calculate R(Ey Eqw+AEqw)> The different parameters necessary for this calculation were 
obtained either from literature or from experimental data. An expression for AR is then 
obtained by subtracting R(E, Eqw)  from R(E, Eqw+AEqw)  and PR(E) = AR/R(E). This 
simulation is represented in Figure 4.15.b, and depicts both the CM and QW features, with 
the symmetry change observed in the experimental data, confirming the accuracy of this 
method. It also confirms that indeed Fcm «  Fqw as it returns Fcw'^Snm and FQw~18nm. 
One last noticeable phenomenon is the fact that an amplitude anti-resonance effect occurs 
at 50° (i.e. the PR signal amplitude goes through a minimum). This can be explained as 
follows: p  calculated using the Séraphin coefficient definition (see Equation 2.18), the 
expression of s(E, Eqw)  (see Equation 2.45) and the transfer matrix near Eqw is about 5 
times stronger than a. As mention above, Fcm «  Fqw and when %CM = ^qw, PR = ccAei, 
which is anti-symmetrical but loses the contribution of P so with p » a .  This leads to a 
weaker PR at Àqw signal giving an anti-resonance phenomenon. This phenomenon also 
occurs in the simulation confirming again its correctness. In this case, therefore the 
resonance theory is not so reliable due to the larger Fqw, on the other hand, the symmetry 
theory can be used safely.
Finally, both the experimental and the simulated spectra were fitted with an empirical
model the phase paramater {(p) of which was plotted (Figure 4.16) as a fimction of the CM
wavelength. (j> defines the symmetry of the lineshape. This way, we can find by
interpolation, the wavelength at which ^  ~ % (i.e. perfectly anti-symmetrical feature
according to this empirical model) so giving the Àqw. Here it yields %qw ~ 649.5 nm, in
93
Chapter 4 : Characterisation o f Red Resonant-Cavitv Light-Emittine Diode structures using Reflectance.
Photo-modulated Reflectance and Electi-o-Lumiiiescence techniques
agreement with the previous results. This interpolation method means that only two spectra 
are necessary to find out the QW wavelength.
The symmetry technique is a good tool to determine the position of the QW when the 
broadening of the QW is much bigger than that of the CM. In such cases like here where, 
QW broadening although larger is not much larger, one must be careful and determine 
which method of the resonance or the symmetry is the most appropriate.
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Figure 4.15: (a) Experimental and (b) simulated coupled CM-QW feature in PR of RCLED A from 
the symmetry theory. At 9= 13® there are distinct featuies from the QW, and the CM. The dotted 
lines are the fits to the PR spectra with an empirical model.
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Figm-e 4.16: plot of versus Àcm, obtained from fitting both experimental (open squares) and 
simulated (open circles) spectra with an empirical model, for 0 > 40®.
4.5 Conclusion
The analyses performed on RCLED structures A-E have shown that many methods 
can be used to find out the wavelength of the CM and different QW transitions.
When the QW transition features can be seen in the PR spectra (which is quite 
common in RCLEDs due to their smaller number of top DBR pairs), the use of the modulus 
method is a quick an easy way of getting a first estimate of their wavelength. Lineshape 
fitting, although more time consuming, can be used as well. It has been shown that the 
simplified model described in chapter 2 gives veiy accurate results for RCLEDs A-D and 
the fit is of veiy good quality.
If the QW transitions PR features are not so easily distinguished in the PR spectra 
then it is possible to use the resonance or symmetry methods (the choice between the two 
theories is made depending of the relative strength of the QW ground state transition and 
the CM feature broadenings). The symmetiy method only allows one to infer the QW 
ground state transition. We showed how only two measurements at two different angles are
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necessary. On the other hand, the amplitude resonance method canl give infonnation about 
QW higher order transitions. However, more measured spectra are required. For both these 
methods, using T- as well as ^tuning increases the range of wavelength possible for 
overlap of the CM and QW features. The presence of subsidiary dips in the R spectra, can 
also lead to resonances between the QW transitions and those side dips.
Finally, we have shown that if there is a complete and clean cross over of the CM (or 
a subsidiaiy dip) and the QW ground state transition, then the viitual As2 plot can be used. 
With only a few readings of the PR signal at the CM wavelength, this method potentially 
gives a very accurate value of the QW ground state transition wavelength.
All the methods described above gave good accurate results for the RCLED stmctures 
studied. The non-contact, non-destmctive aspects make them of potential interest to the 
growth industry for in-situ measurements of the CM and the QW transition wavelengths.
We used edge emission EL as a corroborative measurement to check the QW ground 
state transition wavelength. Although the wafers have to be cleaved, this method is still 
virtually non-destmctive as the pieces of wafer could still be processed into working 
devices if desired.
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Chapter 5
Characterisation of Visible Surface-Emitting Laser 
structures using Electro-Luminescence
5.1 Overview
Generally, VCSELs tend to have similar applications to edge emitter lasers and can 
compete with them in these fields where their specific advantages are of importance : they 
are less expensive to fabricate for moderate powers or easier to fabricate into airays. 
Visible VCSELs are very interesting for three types of applications : Firstly, applications 
where their visibility is important such as beam alignment, pointing, scanning or display; 
Secondly, applications for which some important system parameter scales with the 
wavelength used. For example, their shorter emission wavelength results in a smaller spot 
size and therefore an increased density of imaging, which is important for optical imaging 
applications e.g. optical recording and laser printing. This makes higher resolution, more 
compact systems possible; Finally, the availability of higher energy visible photons allows 
photoactivated processes to happen more quiclcly, efficiently or reliably, in some 
applications such as laser printing. ^
For example, 780 nm edge emitters used for optical storage on compact disc will 
soon be replaced by visible edge emitting lasers in the range of 630-680 nm due to the 
higher storage density possible. These in turn may soon experience visible VCSEL 
replacement due to their lower cost of packaging Also 2D array applications such as 
parallel optical scanning  ^and multiple scan laser printing may open a new area of interest 
for the use of VCSELs in the future. Data communications need low cost, high data rate
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optical fibre for local area networks (LANs) and high volume applications such as fibre to 
home. Plastic optical fibre (POP) is a strong candidate  ^®  ^ It has optical transmission 
minima at 512 nm, 570 nm and 650 nm. Because of low cost device packaging and theii* 
improved temperature stability, red VCSELs may be considered for these applications.
5.2 Introduction
This chapter is concerned with the characterisation of red vertical-cavity surface- 
emitting lasers (VCSELs) with a new technique using edge emission electro-luminescence 
(EL). As we will see, this technique offers an easy way of probing the quantum well (QW) 
emission spectrum. As mentioned in chapters 2 and 3, in order to get a good working 
VCSEL device, the QW emission wavelength has to be aligned at working temperature 
with the cavity mode (CM), which needs to be centred in the middle of the DBR stop band ^  
It is therefore important to be able to determine the CM wavelength as well as its relative 
position to the QW emission peak wavelength, in order to monitor the quality of the 
structure. VCSEL structures are composed of a high number of very thin layers. They 
therefore require a very precise growth process. An error of -1%  in the growth rate of the 
layers would lead to a shift of -1%  in the CM wavelength i.e. ~6.5 mn for red emitting 
stmctures. Also, AlGaAsP-based cavities such as in red VCSELs are difficult to grow to 
the coiTect thickness so that the CM is centred on the high reflectivity band of the DBRs.^ 
The minimum achievable gain threshold occurs when the CM is centred in the middle of 
the DBR stopband where reflectivity is maximum. Therefore if the CM is slightly out of 
alignment, this will have an adverse effect on gain threshold, and therefore the current 
density needed for lasing and the c.w. power of the laser. Finally, an enor in the 
compositional concentration will mainly affect the QW ground state emission wavelength.
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These factors can lead to significant possible fluctuations in the CM and QW 
wavelengths and it would be useful if they both could be monitored carefully during the 
growth. It is easy to measure the CM wavelength with reflectivity measurements. However, 
it is difficult to get an estimate of the QW wavelength in a fiill VCSEL stmcture because of 
the presence of the DBRs. As a matter of fact, non-destmctive, non-contact characterisation 
teclmiques that are used to deteiinine the QW emission energy such as photo-luminescence 
(PL) and photo-modulated reflectance (PR)  ^ can present some problems mainly because 
of the highly reflective top DBR specific to VCSELs (as opposed to RCLEDs for which PR 
can be used with more ease ^^ ). For the same reason, conventional PL (excited and 
detected fi'om the front surface) does not work very well on VCSEL stmctures or any other 
surface-emitting stmctures. Indeed, their highly reflective top DBR reflects the QW emitted 
light back inside the stmcture. If the exciting laser penetrates deep enough to reach the 
QWs, edge-PL can be collected but as it does not selectively excite the QWs, parasitic 
emissions from other layers can occur making the resulting spectmm difficult to interpret^ 
Therefore PL is usually perfoimed on wafers where the top DBR has been etched away. 
Obviously, this latter teclmique is destmctive as well as being time consuming and even 
after removing the top DBR, the PL is often still modified by the remaining bottom DBR. 
On the other hand, PR has proven useful  ^ to get good estimates of QW transition
energies but again the top DBR reflectivity should not be too high and there are some 
restrictions on the relative inhomogeneous broadening magnitudes of the QW and the CM 
features (see chapter 2). In the first part of this chapter we propose a new way of probing 
the QW emission wavelength using different teclmiques from those mentioned above.
We expect that the QW in-plane luminescence from regions close to the edge of the
VCSEL sample should not be affected too much by the DBRs or the FP cavity filtering
effect and should therefore give accurate information about the QW emission. A choice
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needs to be made for the luminescence excitation teclmique. Electro-luminescence (EL) 
presents some advantages compared to PL, as its edge- emission EL is largely free from 
any DBR effect (see later), which is not always the case with PL emission horn the edge 
Indeed with EL, the active region can be selectively excited preventing any possible 
emission from other layers. Another advantage of EL is that the same experimental set up 
can be used for stmctures emitting at different wavelengths as opposed to PL, which 
requires different exciting lasers for each different type of stmctiure. This is due to the fact 
that the top DBR can reflect or absorb the exciting laser light if not chosen accordingly (see 
chapter 3). Here we study the edge-emission EL from semiconductor structures and 
demonstrate its potential.
We report EL studies performed on different red VCSELs and their corresponding 
edge emitting laser (EEL) stmctures. We collect the light from the front and the cleaved 
edge of the sample. Initially, we compare the peak positions of the front EL to the 
transverse electric (TE) polarisation in the edge EL of the EEL stmctures. We then show 
that the edge TE polarised EL emission is always red shifted by a small amount compared 
to the true QW emission peak wavelength. We explain why this occurs with a model and 
we propose a solution to correct for this shift in VCSELs with active regions similar to the 
EELs studied. This enables us to find the true QW emission of a VCSEL by looking at its 
TE-polarised edge EL emission. Finally, we show the interest of the transverse magnetic 
(TM) polarisation and how it can be useful to probe the strain present in the QW, and 
thereby its composition.
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5.3 Sample details
The five VCSEL samples studied (labelled V1-V5) were grown by International 
Quantum Electronics (IQE) -  Cardiff, U.K. -  using metal organic chemical vapour 
deposition (MOCVD) on GaAs substrates and contained four Gaxlni.xP/(A1.3Ga.7).52ln.4gP 
QWs comprising the active region with well and barrier widths of Lw = 45Â and Lb= 50Â, 
respectively. The Fabry Perot (FP) cavity made of (Alo.3Gao.7)o.52lno.48P containing the QWs 
was sandwiched between two p+ and n+ doped DBRs, composed of ~ 40 and ~ 60 
AlyiGai.yiAs/AlyiGai.yiAs pairs, respectively. Each of the five VCSEL structures studied 
was designed for a different emission wavelength in the red region of the spectrum. The 
five structures differed respectively in the Ga (x~0.6) and A1 concentrations in the QWs 
and DBRs respectively. For each, an associated EEL of the same design (E1-E5) was also 
grown, with the DBRs replaced by two thick AlyGai.yAs layers (see Figure 5.1).
5 VCSEL structures (V1-V5)
\
DBR ~ 40 periods 
(AlyiGai-yiAs/Aly2Gai-y2As)p+
1 X Fabry-Perot cavity
(A lxlGaj.xljyllll.yP
Active region Ga^Ini.xP 
(Q W )/(A lx G a i.x )y ln ,.y P ^)yllll.yl
(barriers),
[ Lw^45Â, Lb~ 50Â I
DBR ~ 60 periods 
(AIviGa,.viAs/Alv2Gai.v2As)n>
GaAs n+ buffer 
and substrate
5 EEL structures for 
comparison (E1-E5)
thick AlyGai-yAs layer:
Figure 5.1 : Schematic o f the VCSEL and EEL structures o f the samples. Each design has varying 
Ga(QW) and Al(DBR) concentrations. The EEL designs are identical to the VCSEL designs except 
for the two thick AlGaAs layers replacing the DBRs.
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5.4 Experimental details
For the EL studies, the samples were cleaved into 5x5 mm square pieces and the 
excitation voltage was applied to the stmctures by pressing them gently between two flat 
electrodes. One grounded copper electrode and one transparent conductive (200) indium 
tin oxide (ITO) coated glass slide, through which the front-EL from the VCSEL could be 
collected. The ITO electrode was tilted at a slight angle so that it preferentially touched the 
edge of the sample. Consequently the cun ent was confined to a thin strip (of width and 
length Is ~5 mm - see figure 5.2) near the edge of the wafer, from which the EL was emitted 
(for further details see chapter 3). The luminescence was excited with a square wave 
voltage and the resulting cun ents were <15 mA. From the subsequently calculated d  (-30 
)Lim for all samples - see later), the current densities were found to be < 10 A/cm'^, which is 
too small to cause any damage to the stmctures (typically a stmcture is subjected to 
cuiTents of the order of 10^  A/cm^ to lase). Polymer sheet polarizers were used to measure 
the TE and TM polarisations of the edge-emitted light (where the electric field is parallel 
and peipendicular, respectively, to the plane of the QW).
The front emission EL spectra were measured with an instmmental resolution 
(FWHM) of 0.15 nm because of their naiTOw spectral features. The edge emission spectra, 
which presented much broader features (FWHM >17 nm), were detected with a resolution 
of 4 nm. To avoid collecting light emitted from the edge or front surface when performing 
front- or edge-EL measurement respectively, the light collection cone was kept small by 
choosing an appropriate lens. Here, the focal length was/ -  170 mm and the radius of the 
exposed area of the lens was r  -  22 mm, the collection angle was therefore Ocoi ~ tan  ^(r/J) 
- 7 ° .  For the reflectivity (R) measurements the resolution chosen was 0.15 nm.
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All spectra were measured at room temperature and corrected later for the system response 
(see chapter 3).
Indium Tin Oxide (ITO) 
coated glass top 
transparent electrode 
pressed at a slight angle
Front surface 
emission
QWs in Cavity I
Substrate
Bottom
DBR
Edge
emission
Grounded bottom electrode (Cu)
Figure 5.2 : schematic o f a VCSEL structure pressed between the two electrodes of the holder. The 
top transparent ITO coated electrode is pressed at a small angle to force the current I flow 
preferentially close to the edge. The stripped area represent the current flow confined to a strip o f 
width d  and length 4.
5.5 Results and discussion
Figure 5.3 shows the R and EL spectra for VCSEL structure V3. As expected, the 
front-EL spectrum corresponds to the part of the true QW emission that is actually 
transmitted through the top DBR. We therefore see a distorted and misleading image of the 
QW emission with peaks in the front EL spectrum where there are dips in the R spectrum. 
Thus, the front EL spectrum often allows an alternative way (to R) to determine the CM 
accurately. However, they give no clue as to the true QW emission peak wavelength. In
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contrast, the edge emission EL spectra (TE and TM polarised) are not apparently affected 
by the DBRs (Figure 5.3). Therefore, we can anticipate that these spectra will be very 
useful to determine the true QW emission peak wavelength. This we develop next.
.VCSEL 
Design V3
300 K-
0.6
0.4
0.2
0.0
TE
,655 nm
TMx3
645 nniI ■ 1 1 1 1 i t i  1 1 A
620 630 640 650 660 670 680 690 700
Wavelength (nm)
Figure 5.3: Measured normal incidence reflectivity, front and polarised (TE and TM) edge emission 
EL from an as-grown VCSEL structure.
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In edge emitting structures the true QW emission is obtained easily by perfoiming an EL 
measurement on the front surface of the wafer as there are no strongly-varying reflectivity 
spectra (e.g. from DBRs) preventing the luminescence from freely escaping the cavity in 
that direction. Also, the luminescence emitted in the vertical direction only goes through a 
very thin thickness of active medium , and as we will see later, ensures that the detected 
luminescence in this direction is the true QW luminescence. Now, let us compare the edge- 
and the front-EL emissions of an EEL (E3). We will see how the edge-EL differs from the 
true QW emission (front-EL) for this EEL stmcture and try to understand why. We then 
compare the edge- and front- EL results obtained for a VCSEL stmcture with active region 
of similar design (V3).
Figure 5.4 shows the front unpolarised and edge polarised (TE and TM) EL spectra
for both VCSEL V3 (Figure 5.4 b^) and its coiresponding EEL stmcture E3 (Figure 5.4 a).
The edge-EL spectra from both stmctures performed under the same experimental
conditions peak at roughly the same wavelengths (-655 nm for TE and ~ 645 nm for TM)
conflnning that the two active regions are indeed very similar. A summary of results
obtained for all the stmctures can be seen in Table 5.1, which leads to the same conclusion
for all designs except sample V5 and its corresponding E5 which give quite different
wavelength values for their respective TE edge-EL peaks (-10 mn difference). Therefore,
the results obtained for V5 and E5 will need to be taken with care. Initially, we focus our
attention on the TE polaiised edge EL emission because its polarisation is identical to the
polarisation of the light emitted from the top of the structures and collected in the front EL
geometiy. It is interesting to note for the spectra of structure E3, that the peak wavelength
from the TE polarised edge-EL is red shifted by -7.5 mn from its unpolarised front-EL
peak wavelength. Therefore, we anticipate that the TE polarised edge-EL from the VCSEL
stmcture V3 is red-shifted by the same amount, and if it is to be used as a measure of the
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true QW emission wavelength, it ought to be blue-shifted back by that same amount. This 
red-shift of the TE edge-EL peak is found for every EEL design (E1-E5) but differs in 
magnitude as will be explained later (see Table 5.1 and Figure 5.9). If we can explain the 
existence of this red shift and predict it for the structures studied, the edge emission EL will 
be a useful tool to find out with ease the true QW ground state emission in VCSELs.
EEL VCSEL
Design
Front-
EL
f^ront
(mn)
Front-EL
FWHM
(ran)
TE edge-
EL % ed g eT E  
(ran)
TM edge- 
EL A^edgeTM 
(ran)
Red shift
AA/ — A/edgeTE Aifi-ont
(nm)
TE edge- 
EL (nm)
1 633.5 17 637 631 3.5 637
2 640 23 646 635.5 6 645
3 648 20 655.5 643.5 7.5 655
4 650.5 28 660 649 9.5 663
5 651 28 660 652 9 672
Table 5.1 : Summary of the front and edge EL peak wavelengths values as well die shift between 
front- and TE edge-EL peaks wavelengths for all EEL structures. The coiresponding VCSEL 
structure TE edge-EL peak wavelengths are also shown.
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EEL
E3
c3 Front EL (unpol.) 
648 nm \ Edge EL (TE pel.) 655 nm■ere
§
i  0.5 0)Ç
E3
2 Edge EL (TM polT/ /reLU
0.0
VCSEL
V3
c3 Edge EL (TE pel. 
655 nm \€re
• 7.5 nrr Front EL (unpol.) 648 nm§
I  0.5recE36
Edge EL (TM pol.) •
LU
0.0600 610 620 630 640 650 660 670 680 690 700
Wavelength(nm)
Figure 5.4: a) EL measurements performed on an EEL structure (E3) from the front and the edge o f  
the structure. The front emission (solid line) is unpolarised and the edge emission is detected in the 
TE (dashed-dot-dot line) and TM (dashed-dot lines) polarisations; b) The same measurements were 
performed on a corresponding as-grown VCSEL structure V3 of same active region except the 
DBRs were replaced by two thick AlGaAs layers. The vertical lines show the position o f the true 
QW emission peak wavelength as well as the TE polarised edge emission peak wavelengths.
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This red shift between the front-EL and the TE edge-EL in EELs is not due to optical 
gain, since increasing the current in the experiment does not decrease the width of the EL 
feature. The true explanation can be found by considering re-absorption effects as follows. 
Photons generated at a distance from the edge of the sample and travelling in the plane of 
the QW have to pass through an absorbing medium (the rest of the QW) before they emerge 
from the edge of the sample. The absorption coefficient drops with increasing wavelength 
so longer wavelength photons are more likely to arrive at the edge of the sample and be 
detected. Therefore the output peak is shifted to longer wavelength (see Figure 5.5). This 
effect is negligible in the case of the front emission EL as the thickness of active QW 
medium the light has to go through (180 Â) is much smaller than in the case of the edge 
emission (~30|im).
EEL or VCSEL 
T  \  D
Front
Active 
region 5mm
A
t « 4 X 45Ât
Edge
emission
ledgeTE(^)unpumped
a(k)
I Front (A,
edgcT E
t « d « D
a(k): absorption coefficient d «30pm
Figure 5.5 : Theoretical overview of the edge EL red shift. The schematic on the left represents the 
side view of the sample. The edge o f the sample is excited with a current I  over a width ~d. t and d  
are the thicknesses of active medium that the light emitted from the front and the edge, respectively, 
has to go through. D  is the length o f the sample. a(X) is the wavelength dependent absorption 
coefficient of the active region. The sketch on the right shows how the shorter wavelengths are 
preferentially reabsorbed, hence, red-shifting the peak of the QW emission. t « d  implies that the 
front emission (iFront( )^) is not significantly reabsorbed in comparison to the edge emission
(led g e T E (^ ))-
We now determine the theoretical expression for the observed red-shift of the TE
edge-EL peak wavelength (most of the following theoretical calculations were performed
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by Dr Sandip Ghosh* ^ ). Initially, we obtain a theoretical expression for the spectrum of 
light coming out from both the edge and the front of a laser structure. Then, we calculate 
the ratio of the two, and fit this to the corresponding ratio of the experimental data. As 
shown in Figure 5.8, we do this for two EEL structures (El and E4). From this fitting we 
obtain a value for d  and check if this is consistent with the luminescence strip width 
observed visually. Fhst, a few assumptions have to be made: 1) The sample is assumed to 
be uniformly pumped up to an average distance d from the edge of the sample; 2) The light 
emitted in the plane of the QW in the direction towards the opposite far end edge of the 
sample and reflected back is completely absorbed before reaching the edge where the light 
is collected; 3) The difference of refractive index between the pumped and the unpumped 
regions is too small to present a significant reflectivity at this interface. The expression for 
the total intensity of the light emitted at a distance d  from the edge {IeW )  of a 
semiconductor laser structure is ;
- d
— G go W  _ ^ -ra(A,)d 1
T a(À )  ^  ^ ‘ ^
with Ae « (4L,, + 3ZJ/^ 
where go(À) is the unifonn rate of generation of light per imit volume, R the reflectivity at 
the air/active region interface, Ae the average area where the light is generated for the edge 
emission (there are 4 wells of thickness L>„ each separated by 3 baixiers of thickness L& 
each respectively and 4 is the width of the edge of the sample -see Figure 5.2), /"the 
optical confinement factor (0.1 in these structures), and a(X) the wavelength dependent 
absoiption coefficient of the QWs.
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The total intensity of light emitted from the front surface QfW )  can be found using a 
similar expression to Equation 5.1 except d  is replaced by (4Lw+3Lb) which now 
corresponds to the thickness of active medium that the light emitted out of the front surface 
goes through. This time, we have to assume that: 1) the only substantial reflecting interface 
is the air/AlyGai-yAs interface, which is similar to the previous air/active region interface, 
and can be approximated by the latter; 2) The light propagating in the direction of the 
substrate is completely absorbed by the latter; 3) There is no significant absorption the 
(AlxGai-x)ylni-yP thick barrier and other over layers. Finally, with d ~ (4L^v+3Lb), the teim 
r a ( X ) d « l  allows us to expand binomially (using a Taylor series expansion) the 
expression (l-e'^'^^) to first order and obtain from Equation 5.1 :
4  (;i) « (1 -  go (;i) ( 4 / , ,+ 3 /j
(5.2)
with Ap « dl^
Af represents the average area where the light is generated for the front emission.
Hence the ratio of front (Equation 5.2) to edge emission (Equation 5.1) spectra is:
I j^X) ^ PTa{X)d
7g(A ) "  (5-3)
where describes the ratio of light collection efficiencies of the front and edge emission 
experiments -  these may differ due to experimental constraints. At longer wavelengths 
where or ^  0 the ratio in Equation 5.3 should approach unity if is 1. We fix (3 to 1 by 
noimalising the experimental ratio (lF(^)/lE(Wexpt at long wavelengths (see Figure 5.8).
If we know a(X), d  will be the only unknown parameter in Equation 5.3. Therefore, 
we can get a value of d  by fitting Equation 5.3 to the experimental ratio. This value 
obtained for d  will allow us to check if the model proposed to explain the shift between the 
peaks of the luminescence spectra collected from the from the edge of the sample is correct.
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The process of this calculation is explained as follows and is also described on Flowchart 
5.1 for more clarity.
It is possible to find (x(E), within a multiplicative constant for each sample, using the 
relation between emission and absorption at a temperature Tin a semiconductor
/(£ )  = « (£ ) e or a(E)=K- (5.4)E ^ e s f
where Æis a multiplicative constant. The position of the peak of the QW front-EL emission 
should yield an absorption coefficient say) at the effective band edge for each structure. 
If Oo can be calculated independently, the multiplicative constant K  relating IprontC^ ) 
collected experimentally and the absolute l(X) can be found. Hence, we can infer the 
absolute value of a(X). The theoretically expected value o f Oo- 9000 cm'* was calculated 
by Dr Sandip Ghosh using Ref.^*. Figure 5.6 shows the decomposition of Equation 5.4 
yielding a(À). a(X) being known, we can fit the experimental ratio using Equation 5.3 with 
only one variable parameter, d. This is done for structures El and E4. Figure 5.7 shows the 
calculated absorption coefficients and Figure 5.8.a displays both front and TE edge 
emission for 2 EELs (El, E4). Both lasers show that the peak of the TE edge emission EL 
spectrum is red-shifted. The normalised ratio of front and TE polarised edge-emission 
spectra of the two EELs are shown on Figure 5.8.b. The fitting of the latter by Equation 5.3 
(solid line) to get d  described earlier is very good. From these fits, we obtain similar values 
o f d ~  30 pm, which are fully consistent with the width of the luminescent strip observed 
visually during the experiment, thus confirming that these red shifts are due to reabsorption 
effects.
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Measurement of TE edge-EL
le d g e T E (^ )  and front-EL Ipront(X) 
spectra from EEL structure.
T T
Calculation of the experimental ratio
iFront(A)
ledgeTE(A) exp?Î
We force
iFront(A)
exp?ledgeTE(A)
SO th a t P = \ .
Calculation of cCexptC^  within a 
multiplicative constant K  from 
Equation 5.4 and Ipron/^-
21
We equate OexptCÀg) at the effective 
band edge to oso obtained using Ref. 
to fix the multiplicative constant K  
and get true a(A^.
We fit 
iFront(A)
ledgeTE(A) ^  ^ expt
with Equation 5.3 using a(A) 
d is the only unknown parameter.
I
Flowchart 5.1 : explaining the calculation of d for the EEL structures from the experimental front- 
and TE edge-EL spectra.
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F ro n t
^Front
ttn = 9000 cm
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E n e r g y  (e V )
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Figure 5.6 : Shows the decomposition o f Equation 5.4. The front EL emission Iprout(E) is the product 
of the three curves a(E), and The spectrum of a(E) can therefore be obtained from Ipront(E), 
by dividing it by E^ and At Eg the calculated coiTesponding Oq -  9000 cni  ^ is used to fix the 
vertical scale o f o^E) (i.e. it determines the multiplicative constant K). The aim o f this graph is only 
to demonstrate the origin of Ipront(E) therefore the vertical scales are adapted for each cmve so that 
their energy dependence is clear.
114
Chapter 5  : Characterisation o f Visible Surface Emitting Laser sti~uctures using Electro-Luminescence
Techniques
300K -E4
a„ = 9000 cm'
620 640 660 680
Wavelength (nm)
Figure 5.7: wavelength dependent absorption coefficient obtained for samples El and E4 from their 
front-EL spectra and Equation 5.4. The multiplicative constant K  in Equation 5.4 is obtained by 
forcing a(Xg) = oco ~ 9000 cm'\ The dotted lines show that E4 has a broader subbandgap absorption 
coefficient.
Because d  depends on the pressure applied on the edge of the sample (i.e. the 
mounting of a sample), we have to check that d  does not vary too much between different 
mountings and that the red shift does not depend strongly on the magnitude of d. 
Simulations using Equation 5.1 showed that the red shift does not depend significantly on 
the magnitude of d  and a(X) but rather on the A-dependence of a{À), Therefore, the shift 
should not be affected significantly by the umnounting and remounting of the samples 
between experiments (doing so, we found an unceitainty of +/- 2nm in the red-shift value).
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Figure 5.8: a) Measured unpolarised front (solid lines) and TE polarised edge (dashed lines) 
emission spectra of 2 EEL structures (El & E4) with different Ga concentration in their QW active 
regions. The spectra are normalised to identical peak heights, b) Circles and squares : the ratio of 
fr ont and TE polarised emission spectra of the two EELs and their best fit (solid line) using 
Equation 5.3 with /?= 1, 0.1 and the values of d indicated on the gi'aph. The fits have been
normalised so that their long wavelength asymptote equals unity and the coiTesponding data have 
then been noimalised as well using the same multiplicative constant.
Looking at Figure 5.7, one sees that sample E4, which emits at longer wavelength 
was found to have a broader subbandgap a(X) than E l (the a(X) for E l and E4 were 
calculated from Equation 5.4). One also notes that E4 has a broader EL than E l (see Figure 
5.8.a), which is to be expected as a(X) and iFrom(X) are directly related tlirough Equation 
5.4. From Figure 5.8.a one notes, that E4 also displays a much bigger red shift than El (6
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nm more). The same behaviour is found looking at the other structures : The longer the 
front-EL peak wavelength, the broader the luminescence spectrum (increased FWHM) and 
the greater the red-shift of the edge EL (see Table 5.1 and Figure 5.9).
E5
E3
E2 E4
630 635 640 645 650 655 660 665
^  edge(TE) emission (nm )
Figure 5.9: The circles are the measured shifts between the peak wavelengths o f the ft ont and TE 
edge-EL spectra o f several EEL structures (witli different Ga concentrations m the QW active 
regions) as a ftmction o f the TE edge-EL peak wavelength. The curve is a fit with the 
phenomenological relation given by Equation 5.5.
We now want to understand why the subbandgap a(^) broadening (seen for sample 
El and E4 on Figure 5.7) is greater for longer wavelength emitting structures. Firstly, this 
can be verified by looking at the FWHM of the QW emission (from the front EL 
measurement) of the EEL structures. Looking at Figure 5.10, one notes that as the front 
emission EL peak wavelength increases, the EL FWHM increases as well (see Table 5.1). 
This suggests that as the stmctures are grown to emit at longer wavelength, their absorption 
spectmm broadens. To further verify this, a theoretical calculation of the transition 
wavelength in the active region of the QW was performed as a function of Ga concentration
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(and therefore strain) by Dr Sandip Ghosh. The results show that the QW emission 
wavelength increases as the concentration in Ga decreases i.e. the Ga atoms are partly 
replaced by the bigger In atoms, hence the compressive strain increases. The increased 
compressive strain in the structure will affect the homogeneity of the deposition during the 
growth and the four QWs of each structure will differ slightly. This results in a broadening 
of the absoiption below the band edge wavelength when the concentration in Ga is 
decreased i.e. at longer emission wavelength. This explains why the red shift of the TE 
edge-EL becomes more important as the structure emission wavelength is longer (see 
Figure 5.10).
Compressive strain (%)
0.3 0.4 0.5 0.6 0.7
30 
25
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I—®—I
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j  I I I L I I I I ■ ■ ■ ■ ■ ■ ■ ■
630 635 640 645 650
^Front emission(uiu)
655
Figui’e 5.10 : The circles are the measured FWHM of the front emission spectra of several EEL 
structures (with different Ga concentrations in the QW active regions) as a function of the front 
emission peak wavelength. The dashed cmve is a guide to the eye.
We have just shown that the red shift depends on the broadening of a(ÀJ. Now, if we 
can know this red shift for the VCSEL structures we study, then by just subtracting them
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edge TE polarised EL peak wavelength by the red shift value, we will obtain their true QW 
emission peak and therefore their QW ground state wavelength.
For a sample where d and a(X) are unlmown (which will be true a priori for any 
arbitrary VCSEL),the right side of Equation 5.3 cannot be calculated, so it is not possible to 
calculate the true spontaneous emission from the measimed edge emission alone. We 
circumvented this problem by plotting the red shift AX = XedgeTE-Xprout obtained on EEL 
structures of same designs as the VCSELs we want to study, as a ftmction of the edge TE 
peak position (see Figure 5.9). We then fitted it with a phenomenological expression 
(Equation 5.5). This fît relates the amount by which the TE edge-EL peak wavelength is 
shifted ft'om the ft ont emission, as a function of the TE edge-EL peak wavelength in the 
EELs. Assiuning this relationship holds for VCSEL stmctures o f the same active region 
design as these EELs, this fit allows us to obtain where the true QW fiont-emission peak 
would have been, fi'om a measured value of the VCSEL TE edge-EL peak position (in
the range 630 mn to 665 mn). aa=3 ’ X  ^~X,dgc{TE) -630(«m ) w ith aj = 0.2505 , .
^ 2 +X, a, = 6.7614 mu
We now address the interest in measuring the TM polarisation of the edge EL
emission. We will see that the wavelength difference between the TE and TM edge-EL
emissions can give infomiation about the strain and therefore the composition of the
studied structure. It is reasonable to assure that the TE edge-EL spectmm of a
compressively strained QW is mainly dominated by ground state electron to heavy hole
(eihhi) transitions (corresponding to photons with a propagation vector perpendicular to the
plane of the QW, ki, for which the compressive strain lifts the heavy hole band to higher
energy) and the TM edge-EL by ground state electron to light hole (eilhi) transitions
(correspondmg to photons with k// in plane for which the compressive strain lifts the light
hole band). The effective band edge absorptions of both eihlii and eilhi transitions are
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nearly identical. Hence, as we have seen that the red-shift of the edge emission peak was 
mainly affected by the ^-dependence of the absorption, the two EL polarisations should be 
shifted by the same amount coming out of the edge of the sample. Therefore, by monitoring 
the TE and TM edge-EL peak wavelength difference, we should directly get the heavy hole 
and light hole effective energy gap difference, from which the composition and the strain of 
the QW can be derived. This difference was theoretically calculated by Dr Sandip Ghosh 
for the different structures and compared to the experimental data as shown in Figure 5.11. 
At short wavelength, the experiment seems to be close to the theoretical values but at 
longer wavelength the experimental difference becomes too small compared to the theory. 
An explanation could be that longer wavelength emitting stmctures are subject to more 
strain in the wells as mentioned earlier (lower concentration in Ga), and the TM edge EL 
spectmm begins to have significant contribution from heavy as well as light holes. Because 
the energy separation increases between the light and heavy hole bands as the strain in the 
well increases (i.e. the front-EL wavelength gets longer), the probability of occupation of 
the light hole state decreases and there is less light emitted from the light hole state. This is 
coupled with the fact that at energies higher than the bandgap, for hh transitions away from 
the zone centre, the hh transitions have a small TM component aside from their strong TE 
component. Therefore as the probability of occupation of the Ih state decreases at higher 
compressive strain (i.e for longer emission wavelengths), the TM polarised emission 
becomes more and more dependent on the heavy hole contribution therefore less reliable to 
determine the light hole transition energy. Hence, the use of the wavelength difference 
between the eihhi and eilhi transitions to determine the strain and the composition must be 
used with care, as it does not give accurate results when the strain becomes too high.
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Figure 5.11 : The circles are the measured difference between the peak wavelengths o f the and TE 
and TM edge-EL spectra o f several EEL sbuctuies (with different Ga concentrations in the QW 
active regions) as a function o f the fi'ont emission peak wavelength. The cm-ve is the theoretically 
expected wavelength difference between the light and heavy hole levels.
5.6 Conclusion
We have shown that front- and edge-EL measurements can be very useful for post 
growth non-destructive characterisation of VCSELs at room temperature. The front 
emission can be used to find the CM energy position veiy accurately. We explained that the 
edge emission EL was always red shifted from the front emission due to reabsorption in the 
active medium. This shift was found to be mainly dependent on the below bandgap 
absorption broadening. The red shift was seen to increase with longer emission wavelength 
lasers due to increased inhomogeneity and hence larger broadening of the absorption of the
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active medium. We gave a phenomenological expression allowing one to find the red shift 
value for a given structure emitting in the range studied here. If the inhomogeneous 
broadening is not too large, the QW composition and strain of the structures should in 
theory be found from the difference between the TE and TM edge emission EL peaks 
wavelengths. Although this study was conducted on red emitting VCSELs this technique 
can be applied to VCSELs emitting anywhere between 400 nm and 2000 nm (determined 
by the ITO coated glass electrode transparency window).
5.7 References
 ^ Carl Wilmsen, Henryk Temkin and Larry A. Coldien, "'Vertical cavity surface emitting 
laser, design fabrication, characterisation, and applications’*, chapter 7, edited by 
Cambridge press university 1999.
 ^S. Hyun-Kuk, K. 11, K. Eui-Joong, K. Jin-Hwan, L. Eun-Kyung, L. Moon-Kyu, M. Jong- 
Kuk, P. Choon-Seong, and Y. You-Shin, Japanese Journal o f Applied Physics, Part 1 
(Regular Papers and Short Notes) 35, 506 (1996).
 ^K. Goto, Conference Digest (Cat. No.97TH8273) 1997 Optical data storage topical 
Meeting ODS conference digest, Tucson, AZ, USA, IEEE, pp. 64.
 ^E. Nihei, T. Ishigure, N. Tanio, and Y. Koike, lEICE Transactions on Electronics, E80-C, 
117(1997).
 ^T. Ishigure, E. Nihei, and Y. Koike, Applied Optics, 35, 2048 (1996).
 ^T. Ishigure, E. Nihei, Y. Koike, C. E. Forbes, L. LaNieve, R. Straff, and H. A. Deckers, 
IEEE Photonics Letters, 7,403 (1995).
 ^T. Ishigure, E. Nihei, S. Yamazaki, K. Kobayashi, and Y. Koike, Electronics Letters, 31, 
467 (1995).
 ^T. Ishigure, E. Nihei, and Y. Koike, Applied Optics, 33,4261 (1994).
 ^T. E. Sale, T. J. C. Hosea and P. J. S. Thomas, Photon. Technol Lett., 12, 1328 (2000).
P. J. Klar, G. Rowland, T. E. Sale, T. J. C. Hosea and R. Grey, Phys. Stat. Solidi A, 170, 
145 (1998).
122
Chapter 5 : Chai acterisation o f  Visible Surface Emitting Laser stmctuies using Electi'o-Luminescence
Teclmiques
S. B. Constant, T. E, Sale and T. J. C. Hosea, lEEProc.-Optoelectron., 148, 69 (2001).
S. B. Constant, T, J. C. Hosea, L. Toikannen, I. Hirvonen, and M. V. Pessa, IEEE J. 
Quantum Electron., 1031 (2002).
H. Gebretsadik, K. Kamath, K. K. Linder, X. Zhang, P. Bhattacharya, C. Caneau, R.
Bhat, Appl Phys. Lett., 71, 581 (1997).
E. P. Berger, C. Bm, T. Benyattou, G. Guillot, A. Chevanas-Paule, L. Couturier and P. 
Grosse, Appl. Phys. Lett., 66, 4 (1996).
P. J. Klar, G. Rowland, P. J, S. Thomas, A. Onischenko, T. E. Sale, T. J. C. Hosea and R. 
Grey, Phys. Rev. B, 59, 2894 (1999).
P. J. Klar, G. Rowland, P. J. S. Thomas, A. Onischenko, T.E. Sale, T.J.C. Hosea and R. 
Grey, Phys. Rev. B, 59,2902 (1999).
D. T. Shaafsma and D. H. Christensen, Phys. Rev. B, 54, 14618 (1996).
S. Gramlish, J. Sebastian, M. Weyers and R. Hey, Phys. Status Solidi A, 152,293 (1995).
S. Ghosh, S. B. Constant, T. J. C. Hosea and T, E. Sale, J. Appl. Phys., 88, 1432 (2000).
C. H. Hemy, R. A. Logan, H. Temkin and F.R. Merritt, IEEE J. Quantum Electron. QE- 
19, 941 (1983).
J. Singh, “Physics of semiconductors and their heterostmctures”, pp. 583 (McGraw-Hill, 
New York (1993).
G. Bastard, ''wavemechanics applied to semiconductor heterostructures”, Halsted New 
York (1988).
123
Chapter 6 : The anele-dependence o f the Area o f the CM dip in the Reflectance spectmm o f  a 850 nm
IRVCSEL
Chapter 6
The angle-dependence of the Area of the CM dip in 
the Reflectance spectrum of a 850 nm IRVCSEL
6.1 Overview
The samples studied here are GaAs based infrared (IR) lasers emitting at 850 nm. 
Generally, such IR VCSELs operating in the 0.8-1 pm wavelength range have exhibited 
tremendous progress in their performance over the past few years and their characteristics 
are now comparable or better than those of the edge emitters in the lower power regime (~1 
mW): threshold cunent of tens of microamperes and wall-plug efficiencies greater than 
50% have been demonstrated \  For applications such as short haul communications, 
efficiency and high speed at low powers are of great importance. Fibre loss and dispersion 
are generally not significant factors, so the 830-980 nm wavelength is appropriate. For 
these reasons, 850 mn emitting VCSELs are already commercialised. Indeed, the first 850 
nm VCSEL products have been introduced by a number of US manufacturers for high 
speed asynchroneous transfer mode (ATM)  ^and gigabit local area network (LANs). ^
6.2 Introduction
In this chapter, we present characterisation results from two 850 nm IRVCSELs. In 
general, for all 850 mn VCSEL structures we studied, one or more features from the QW 
could be observed in the PR spectra making the characterisation easy. We show here how 
fitting the PR with a lineshape model (although time consuming), or performing the PR 
modulus calculation, can give accurate values for the different QW transition energies. To 
further confirm these results, we also apply the A82 plot technique (see chapter 2 ) and edge-
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EL measurements. For the latter technique explain how to align the samples, as this 
requires some extra care, considering that the luminescence for these samples is not visible 
to the eye. Lastly, we describe a new method of obtaining the QW transition energies, from 
monitoring the angle-dependence of the area of the CM dip of the R spectra alone. When 
applicable, this is quicker and easier to perfonn and therefore has potential use in in-line 
monitoring. The results for the QW energies are compared to those obtained previously 
from the PR analyses.
6.3 Sample and experimental details
Two 850 nm IRVCSEL structures (labelled IRl and 1R2) studied here were grown 
by International Quantum Electronics (IQE ; Cardiff, U.K) using MO VCD on a GaAs 
substrate. They comprise an Alo.25Gao.75As FP cavity with two 5.8 nm GaAs / 
Alo.25Gao.75As QWs sandwiched between two Alo.i6Gao.84As /Alo.çaGao.osAs DBRs (23 top 
pairs, 35 bottom pairs). Simultaneous angle-dependent R and PR measurements were 
perfonned at room temperature using a chopped HeNe (633 mn) laser as a modulating 
source with a resolution (FWHM) of 0.53 nm. Normal incidence R, front- and TE edge-EL 
measurements were also performed on these VCSELs with a resolution of 0.13 nm, 0.26 
mn and 1.32 nm respectively. R and EL spectra were coiTected for instrumental response. 
Edge-EL is used here as a way of corroborating the ground state QW transition energy 
(eihhi) obtained with the other techniques. Considering that the luminescence is not visible 
to the eye, we explain how the EL experimental alignment is performed. Fust, the 
experimental set up is aligned using a visibly emitting stmcture as described in chapter 3 
(we use a red emitting VCSEL). A visible laser beam is then pointed at the exact place on 
the edge of the sample/holder system where the excitation is applied and EL appears. Then, 
the red VCSEL sample is dismounted and the sample of interest is mounted, without
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changing the alignment of the whole system, so that the edge of the sample is stmck by the 
alignment laser spot in the same place. Usually, only slight adjustments need to be done to 
refine the final aligmnent.
6.4 Experimental results and discussion
6.4.1 Determination of the QW ground state energy
Normal incidence R, front- and TE edge-EL spectra for sample IRl are shown in 
Figure 6.1. From the R and front EL spectra, one can see that the CM energy at 0° is 
1.459±0.001 eV. From the edge EL spectrum, the QW emission energy is found to be 
~1.472 eV. The result for the second sample studied can be seen in Table 6.1.
edge-EL
(eV)
Modulus
(eV)
PAezTDFFfit
(eV)
CM dip integration 
(eV)
IRl
eihlii 1.472 1.471 1.467 1.476
H.O.T.l --- 1.494 1.492 1.496
H.0.T.2 1.514 1.514
IR2
eihhi 1.472 1.472 1.469 1.475
H.O.T.l — 1.495 1.494 1.494
H.0.T.2 -- " " " 1.513 1.513
Table 6.1: Summary of results for the QW transition energies. values fixed in f i t , using results 
from § 6.4.4
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Figure 6.1 : Normal incidence R, front- and TE polarised edge-EL spectra performed at room 
temperature for sample IR l.
6.4.2 Determination of QW higher order transitions using of the PR 
modulus analysis
Typical angle-dependent normalised R and their corresponding PR spectra are
depicted on Figure 6.2 (plot (a) and plot (b), respectively) for sample IRl, for the angle of
incidence of the probe beam (0) ranging from 13.5° to 82.5° and with a 2.5° step size.
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Figure 6.2 : ^dependent normalised R (a) and coiTesponding PR (b) spectra with ^ increased from 
13.5° to 82.5° by step o f 2.5 ° from bottom to top for VCSEL IRl. In the right plot, the QW 
fransition energies are indicated by three vertical dashed lines and the position o f the moving CM is 
indicated by the dashed curve.
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A feature corresponding to the CM, as well as two features from the QW corresponding to 
eihhi and a higher-order transition (H.O.T. 1), are discernable. A third transition (H.O.T, 2) 
can, with the eye of experience, be discerned in the PR spectra around ~1,51 eV near a 
crossing by the CM at 6 close to 70°. The CM and QW energies are indicated by a dashed 
curve and three vertical dashed lines respectively in Figure 6.2.
Because QW features are directly discernable in the PR spectra, a simple lineshape 
fitting of the PR spectra can give an accurate measure of these energies.  ^  ^However, here 
we prefer to perform the PR modulus analysis, which is quicker and reasonably accurate.  ^
The PR modulus spectra (displayed in Figure 6.3) shows several peaks corresponding to the 
different QW transitions and the CM. The vertical dashed lines give the energy positions of 
the eihhi, H.O.T. 1 and H.O.T. 2 QW transitions at 1.471 eV, 1.494 eV and 1.514 eV, 
respectively. As described next the first two transitions are obtained from the modulus peak 
analysis while although an estimate of H.O.T. 2 can be obtained by looking at the modulus 
feature energy on Figure 6.3 we prefer to get a more accurate value from the later R 
analysis. Plotting these peak position energies as a function of 0 allows one to give a more 
accurate estimate of the QW eililii and H.O.T. 1 transition energies. The QW transitions 
modulus peaks should remain constant as 0  is changed and the CM should follow the 
behaviour given by Equation 3.2. Figure 6.4 shows the moduli peak energies as a function 
of 6 (open circles). It also displays the CM energies obtained from the R spectra (filled 
circles) and a very close fit using Equation 3.2 (solid curve). The latter fit gives a value of
1.456 eV of the normal incidence CM, energy consistent with the normal incidence R and 
front EL emission experimental average value of 1.458 eV (Figure 6.1). The moduli peak 
energies corresponding to the CM are clearly in good agreement with the CM energies
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obtained from the R spectra and two separate fixed peak energies appear as the 0 is 
increased (marked by two horizontal dashed lines).
6
5
4
o
3
2
1
0
H.O.T. 2CM
1.40 1.42 1.44 1.46 1.48 1.50 1.52 1.54 1.56
E n e r g y  (e V )
Figure 6.3 : PR modulus spectra for increasing 6 from 13.5° to 82.5° for VCSEL IRl. The vertical 
dashed line show the position of the three discernable QW transition energies at 1.471 eV, 1.494 eV 
(both obtained from tiie modulus analysis in Figure 6.4) and 1.514 eV (obtained later from the R 
analysis in Figme 6.7).
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Figure 6.4 : Plot of the CM energies for VCSEL IRl obtained from the room temperature 
reflectance spectra (Figure 6.2.a) as a function o f d  (filled circles) increasing fr om 23.5® to 82.5°. 
The solid curve represents the fit with the Equation 3.2 The PR modulus peak positions (Figure 6.3) 
are represented by open circles. The horizontal dashed lines mark the fixed positions o f three QW 
transitions (1.471 eV , 1.494 eV and 1.514 eV).
This initial analysis gives us the energy values of the two lower energy QW 
transitions eihlii and H.O.T. 1 (at high 9) as the features can clearly be distinguished. 
However, the third transition that can be guessed looking at the PR spectra cannot be 
measured precisely with the modulus method, since there is no clean crossing between this 
QW transition and the CM feature. We can only make a crude guess that it lies near -1.51 
eV.
In this sample, two of the QW transition energies can be easily and reasonably 
accurately detennined using the modulus teclmique, so we can use it to investigate the
131
Chapter 6 : The anele-dependence o f the Area o f the CM dip in the Reflectance spectmm of a 850 nm
IRVCSEL
accuracy of other novel techniques that could be used by the growth industry for in line 
monitoring, when no clear QW feature is seen in the PR measurement. Similar results are 
obtained for the second sample studied (1R2), which are summarised in Table 6.1.
6.4.3 The virtual A82 technique
The next technique used here is referred to as the virtual A82 technique  ^  ^(see chapter 
2) and was used with success in chapter 4 on an RCLED stmcture. This is a relatively new 
teclmique so it is interesting to see how well it might work on the present full VCSEL 
stmcture, and at a different emission wavelength. It is potentially a much quicker technique 
than the usual full scan ^dependent PR analysis as it only requires one PR measurement at 
a single wavelength corresponding to the CM energy for each Ô. The latter does not 
necessarily require to measure R spectra at all ^  as an expression giving the CM position as 
a function of 0 can be quickly found by taking a small number of R measurements and 
fitting the %CM^ as a function of sin^ ^with the straight line (Equation 4.4). This way, one 
can calculate the CM position for any Û. The resulting experimental PA82 plot is shown in 
Figure 6.5, A fit using three TDFF oscillators (one for each QW transition energy- see 
chapter 2 -) was performed to deteiinine the QW transition energies. Only the first two 
oscillators are reliable in the fit because there are not enough points to fit an oscillator 
properly for the third transition; the energy of the third (highest energy H.O.T. 2) is actually 
taken from a later result (from §6.4.4) and fixed in the fit. Indeed. However the first two 
features fits give very similar results to the modulus method (see Table 6,1). This method is 
used with success with sample IR2 as well and the result obtained can be seen in Table 6.1. 
The PA82 method can therefore be considered to be reliable. It is potentially very interesting 
since it can be especially quick compared to other methods described here.
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Figure 6.5 : plot for VCSEL IRl: plot (crosses) o f  the PR values at the CM energies obtained
from the R spectra taken at different angle o f incidence of the probe light. Fit (solid line) o f the 
(3Ae2 plot with a TDFF line shape model. Each transition energy obtained fr om the fit is maiked by 
a vertical dashed line. The tliiee individual TDFF oscillators corresponding to the fitted three 
ti'ansition energies are plotted on the graph (dotted lines).
6.4.4 The “CM area dip” technique
This final analysis arises from the fact that, we noticed that the CM dip in the R 
spectra changed in depth and width quite significantly as the $  was increased. As may be 
seen in Figure 6.2, at lower 6, the CM is deep and naiTow, then becomes shallower and 
wider as ^is increased, to at last get deeper and naiTower again at higher 6, To quantify this 
behaviour, we plotted the integrated area of the CM dip, its FWHM and depth, as a function 
of d. A descriptive schematic of these operations is displayed in Figure 6 .6 .
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R
Area
FWHM — — V2 depth Depth
EFigure 6,6 : Schematic o f  the reflectance CM dip showing its area o f integration (dashed), depth and 
FWHM.
A linear relationship between the FWHM of the CM dip and the imaginary part of the 
refi'active index of the cavity material, /r, was reported for a quantum dot superlattice 
inserted in high finesse microcavity delimited by high reflectivity Bragg interference 
minors. a: is itself directly related to the absoiption coefficient a  of the material inside 
the cavity which was therefore a linear fimction of the FWHM of the CM dip in Reference 
As reported in reference it is clear that as the FWHM increases, the depth decreases, 
which they attribute to enhanced damping with increasing k  (see Figure 6.7). However, we 
see in our case, that the relationship between the CM reflectivity dip and the cavity material 
absoiption coefficient does not seem to follow exactly the same behaviour as described in 
reference We sunnise that the main contribution to the absorption in the cavity comes 
from the QWs. We see that the absorption is strongly related to either the depth or the 
FWHM of the CM R dip depending on the energy of the QW transition considered. Also, 
the integrated CM area gives three clear peaks which we will see conespond to the three 
expected QW energies.
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The CM integrated area as a function of ^  displayed in Figure 6.7 a) (filled circles) 
shows thr ee peaks of different intensities. These are found to coiTespond to the CM energy 
being tuned successively through the three QW transition energies (E cm =  E qw)- The CM 
energy as a fimction of ^obtained earlier is plotted on the same graph and can be read from 
the left axis. The dashed horizontal arrows indicate the CM energies corresponding to the 6 
at which the peaks occur.
Figure 6.7 b) displays plots of the reflectance CM dip depth and FWHM. The cuives 
are a guide to the eye. The two lower angle peaks on the FWHM plot correspond to the first 
two QW transition energies obtained with the previously used teclmiques, whereas there is 
a shoulder at the expected higher transition energy from Figure 6.7 a). However, the 
opposite occurs for the depth plot, where the first two QW transitions yield shoulders but 
the third feature in the CM R dip depth has a distinct sharp peak.
From these observations, we see that the sharp increase in the depth of the CM dip 
looks to be largely related to the highest QW transition, whereas the increase in the FWHM 
of the CM dip corresponds to the first two QW transitions mainly. The three peaks from 
both plots in Figure 6.7.b all reasonably corTespond to the same ^as the peaks in Figure 
6.7.a, respectively 35^, 55° and 75° which in turn correspond to QW transition energy 
values of 1.476 eV, 1.495 eV, 1.514 eV. Judging from the good agreement with the 
previous methods (see Table 6.1) for the first two QW transition energy values obtained 
with this method, we believe that the third transition energy obtained is accurate. It is also 
in agreement with the rough energy value of the feature estimated from the PR spectra 
(-1.51 eV).The results obtained for the second sample IR2 (see Table 6.1) lead to the same 
conclusions.
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Figure 6.7 : CM integration plots for VECSEL IRl. a) Plot of the area of the experimental 
reflectance CM dip as a fimction of angle of incidence of the probe beam (filled circles). The cm ve 
(solid line following the filled circles) is a guide to the eye. Three peaks are clearly observed at 
~35°, ~55° and ~75°, which we argue correspond to the angles where Ecm = Eqw- A plot of the CM 
energy as a function of 0 calculated earlier is also displayed (solid cmve). This allows one to 
convert the 0 at the peak into the corresponding CM energy, b) Plots of the reflectance CM dip 
depth (plus signs) and FWHM (diagonal crosses). The cmves are a guide to the eye. Thiee peaks 
around the same angles of incidence as in graph a) are seen in the “depth” cm*ve. The higher angle 
one is very well defined. The “FWHM” curve shows two clear peaks at the lower angles and a 
shoulder at the higher angles.
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The mechanism of the phenomenon described above has not been fully verified yet. 
A more complete investigation including simulations of the R spectra is needed. If we 
consider that the predominant absorption occurs in the QWs in the active region, we can 
surmise from our obseiwations, that the dip area is proportional to the absorption of the QW 
material at the CM energy. Therefore, the CM aiea is representative of the changes that 
occur in the absorption spectrum of the QW structure as the CM is tuned in and out of the 
QW transition energies. The respective roles of the FWHM and the depth of the CM R 
feature are not well defined. An interpretation could be that the depth is related to the 
absorption magnitude while the FWHM to the absorption broadening. This needs to be 
verified, but is however beyond the scope of this thesis.
We believe that the presence of these peaks in the CM dip area is due to the existence 
of an absorption coefficient displaying a 2D step-like function of energy (as the active 
medium is composed of QWs) superimposed with excitonic features, as in the example in 
Figure 6 .8 . In order to try to reproduce the CM-area behaviour obseived experimentally 
here, we propose to use a similar description to that of Figure 6 .8  for the QW absorption 
coefficient in simulation of the R spectra for these structures at different fusing the Jones 
matrix fonnalism (see chapter 2),^ .^ Unfortunately, this cannot be explained further in this 
thesis, as the experimental results are very recent and the models for the simulations of the 
QW dielectric fimction have yet to be developed.
If our interpretation is correct then in the case of the present stmctures, where there is 
a noticeable change in the CM dip area of the R spectra, the much needed information on 
the QW transition energies could be obtained by performing the simple ^dependent R 
measurements only.
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Figure 6.8 : Typical absorption spectrum for a multi quantum well structure. Here a
GaAs/AlGaAs MQW stmcture absorption spectium is compared to the one of a GaAs bulk of 
equivalent total thickness. The featui*es of quantum confinement are seen : red shift and step like 
density of states with excitonic peaks superimposed (Schmitt-Rink et al, 1989)^ .^
6.5 Conclusion
We have shown that the two 850 mn IRVCSEL structures studied display several 
QW transition features in their PR spectra, making their characterisation easy using a PR 
modulus analysis. We showed that the PR modulus method gave information about the CM 
and two QW transitions (eihhi and H.O.T .1). The virtual A82 plot method used previously 
with success on an RCLED stmcture (see chapter 4) was also shown to give accurate 
results for the QW eihhj and H.O.T. 1 energies for these IRVCSEL stmctures. The last 
method which involved measuring the are of the CM dip in the R spectra as a function of 0 
gave accurate energy values for thiee QW transition energies (eihhi, H.O.T. 1, and H.O.T. 
2). Although this last method still needs more analysis, it is potentially veiy interesting to 
use as a characterisation method as it may give as much information as (if not more than)
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the other techniques described earlier. The R measurements necessary are relatively quick 
and easy to perfoim.
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Chapter 7
The symmetry theory applied to a 980 nm 
IRVCSEL
7.1 Introduction
A central problem in this thesis is that in VCSEL structures, while a simple R 
measurement is needed to find out the CM energy (E 'c m ) ,  due to the presence of top DBRs it 
is more complicated to measure the QW ground state transition energy (E q^. As 
mentioned in chapters 2 and 3, the relative position of Ecm and Eqw is an important 
parameter to monitor to check the quality of a VCSEL structure ’
PL and edge EL measurements are usefiil techniques to find out E q w  but they need 
the sample to be cleaved ^
PR has proved useful in this chapter to find out Ecu  as well as E q w   ^  ^  ^ The QW 
features may be directly observable in the PR and Eqw can be refined by lineshape fitting or 
the use of the modulus technique (see chapters 4 and 6). However, in VCSELs such as the 
ones studied in this chapter, with high reflectivity top DBRs, no QW exciton feature is 
visible in the PR spectra and these methods are not applicable.
In previous studies, experiments done on VCSEL and RCLED stmctures successfully 
showed an amplitude resonance effect in PR spectra when the CM feature overlapped with 
a QW transition energy, even when no feature from the QW itself is visible in the PR. This 
was shown to be a useful way of inferring the QW excitonic transition energies when only 
one feature (corresponding to the CM) was seen in the PR spectra.  ^^
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However, in some cases, as in the sample described here, an amplitude resonance 
effect is not seen at the expected QW energy (determined separately from cleaved samples 
using edge-EL measurements). However, in attempting to perform this experiment, we 
noticed a change in the symmetry of the PR feature as the angle of incidence of the probe 
beam was increased. This led to a new theory, described here.
As explained in chapter 2, if the QW and CM PR features have similar broadenings 
{Fqw and /cm  respectively) then there should be an amplitude resonance when they 
overlap, but the resulting lineshapes are complicated. However, when the QW feature is 
very broad compared to the CM {F q w »  / c m )  then there is no resonance effect when they 
overlap. Nevertheless, it is possible to see a change in the syimnetiy of the feature from 
which the Eg^^can still be deduced.
This technique was applied here to a 980 VCSEL structure and compared to the QW 
energy value obtained from independent EL measurements. A simulation of the PR spectra 
was performed by Dr Sandip Ghosh  ^ as a means to determine Fqw  ^ This technique was 
also verified in chapter 4 when applied to a red RCLED structure displaying a similar PR 
symmetry behaviour. In that case the QW feature could also be seen in the PR spectra 
which provided good corroboration of the result obtained from the symmetry theory.
7.2 Sample and experimental details
The 980 nm VCSEL stnicture studied here was grown by International Quantum 
Electronics (IQE, Cardiff, U.K) using MOVCD on a GaAs substrate and comprises an 
Alo.2Gao.8As FP cavity with four 12 nm Gao.s4Ino.i6As/ Gao.osIno.92P QWs sandwiched 
between two Alo.15Gao.s5As/Alo.95Gao.05As DBRs (26 top pairs, 13 bottom pairs). Angle- 
dependent R and PR measurements, plus front and edge EL measurements, were performed
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on this sample at room temperature with a resolution (FWHM) of 0,32 nm. In the PR 
experiments, a chopped Ai'  ^laser (514 nm, 8 mW) was used as modulation source.
7.3 Experimental results
This 980 nm VCSEL displays a single feature in the PR spectra taken at different 
angles of incidence of the probe light (6). This corresponds to the CM position in the R 
spectra (displayed by the aiTows in Figure 7.1). Clearly there is no QW feature visible in 
PR spectra. Hence it is not possible to find out the energy of Eqw. By the methods 
described earlier. Though a weak the amplitude resonance is observed for/"cm "^1.272 eV at 
13° in Figure 7 .1, it does not occur when the CM is at the at energy obtained for E q w  from 
the edge EL measurement (~1.280eV - see figure 7.2).
It is noticeable on Figure 7.1 that as ^ is  increased, the single 3-lobed PR feature is 
initially symmetrical, changing to a twin-lobed anti-symmetrical feature, and back to again 
to a 3-lobed symmetrical feature (opposite phase). The feature for which Ecm -  Eqw = 
1.281 eV (result obtained from the EL measurement displayed on Figure 7.2) occurs at 25° 
and is antisymmetrical. This sample seems to follow the symmetry theoiy described in 
chapter 2 which predicts that provided Fqw »  Fcm, the single PR feature from the CM is 
antisymmetrical when E q w  = E cm .
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Figure 7.1: Experimental angle dependent PR data (solid line) for 980-IRVCSEL, Note that the PR 
lineshape is antisymmetrical at 25°. The arrows show the CM position obtained from the 
corresponding reflectance measurements (not shown - one example (dotted line) is displayed for 0= 
13°).
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Figure 7,2 ; Reflectance and luminescence spectra for the 980 VCSEL structure. The upper graph 
shows the normalised normal incidence reflectance and the front emission EL spectra. The lower 
graph displays the edge emission TE polarised EL spectrum.
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7.4 Simulation of PR
We consider that the salient contribution to g comes from the active region QW. The 
dielectric function of a 2D system material, which has excitonic transitions, can be 
approximated by a single harmonic oscillator dispersive fonction such as (see earlier in 
chapter 2 -  Equation 2.45) : ^
Where Lz is the QW w id th ,/(2x10^^ m'^) the exciton oscillator strength, ju (0.06 mo) the 
exciton reduced mass, Yqw (6  meV) the exciton homogeneous broadening and E  the photon 
energy. Other symbols have their usual meaning.
Lz, //, 8o and 6«, were obtained from the structure nominal values. / and Yqw were obtained 
from the literature.  ^ To account for the inliomogeneous broadening of Eqw created by 
fluctuations in the layer compositions and thicknesses, a Gaussian function was used to 
average e(E),
f(Eg^) = ^ /  (7.3)
Where < E q w >  -  1.280 eV (obtained from the edge EL measurement in Figure 7.2) is the 
location of the peak of the Gaussian function, is a constant and yis related to the FWHM 
of the Gaussian fonction Fqw (this also corresponds to the excitonic total broadening) as 
follows:
The averaging was perfonned in the following way:
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(£(£)) = Je (£ ,£ e„ )P (£ e„ ) d E „  (7.5)
Where the integral is over appropriate limits. We used this averaged dielectric 
function <e(E)> m the simulation of PR, as follows. When PR is performed, the exciton e  
is modulated by the chopped pump laser via the quantum confined Stark effect (QCSE)- see 
chapter 2 This modulation mainly yields a change Æ q w  of E q w , which we will consider 
to be the only parameter in Equation 7.2 to be affected by the QCSB.^^
An R spectrum was calculated using the Jones matrix formalism  ^ with the complex 
refractive index values taken from the literature. For the QW, we used the excitonic 
dielectric function with no QCSE, e(E, E q w ) , from Equation 7.2. The change in reflectivity 
AR induced by the QCSE was obtained from the difference between R calculated with e(E, 
E q w ) and s(E, E q w ^ A E q w )  the latter taking the QCSE into account and coiTesponding to 
e-^As, This way, we obtained an expression of PR -  ARJR «  [R(s) -  R(e+Ae)] /  R(e) . 
Interband absorption from energies above was also included in the calculation of e.
Then A E q w  (~60|reV) and the total exciton broadening F q w  (~18meV) were obtained 
from the matching the PR simulation to the experimental PR. /cm was obtained from the R 
spectra as ~8meV, confmning that Fqw »  /cM This result confirms that the PR of this 
sample should display the antisymmetry behaviour as E c m  is tuned through E q w  (see 
chapter 2 ), and explains why the amplitude resonance obsei*ved at does not correspond to 
E qw .
The PR simulation obtained using these values for A E qw  and F qw  is displayed in Figure
7.3. It reproduces very well the shapes and changes in the symmetry of the coupled CM- 
QW feature in the experimental data (Figure 7.1) when the ^ is  varied. First it displays a 
symmetrical feature at 13° then an antisymmetrical feature at 25° and finally a symmetrical 
feature again, of opposite phase, at 40°.
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Figure 7.3: Theoretical simulation o f PR with increasing angle o f incidence o f the probe beam, for 
980-IRVCSEL. It displays very similar behaviour to the experimental results displayed in Figure 
7.1.
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Asj(E) and AS2(E) were calculated as part of the PR simulation obtained using 
AEqw^6Q\juqY and /gr^lSm eV . They were obtained by subtracting the real and imaginary 
parts respectively of e(E, E q w ) and €(E, E q w + A E q w ) obtained from Equation 7.2. Both 
curves are displayed in Figure 7.4. As explained in chapter 2, a quick analysis shows that 
Aei(E) and As2(E) will be symmetrical and antisymmetrical respectively with a central 
energy E ~ E q w  (See chapter 2  graph 2.16.b). That is to say, that at E = E q w , A £ i(E q w ) should 
be maximum and A£2(Eqw) should be ~ 0. Figure 7.4 displays this behaviom*. A i E ~  1.280 
eV, which is the just above the exciton energy marked by a vertical dashed line, A£2(E) 
goes through 0 and A£i(E) is very close to a maximum. This is because the models takes 
into account the contribution of higher order energy ti ansitions to Aei,2.
The three points A, B and C correspond to the energies at which the real or imaginary 
part of the dielectric function are nil (A and C correspond to A£i(E)-0 and B corresponds 
to A£2(E)-0'). When the CM energy is equal to the energy of the points A, B or C in Figure
7.4, the CM-QW coupled feature in the conesponding simulated PR spectrum (see Figure 
7.3) displays special symmetries. In VCSEL structures, or and /?in the vicinity of the CM 
are rapidly changing functions of the energy. Considering the result Pqw »  Pcm, Aej and 
A£2 are very slowly varying in comparison. Therefore as explained before, the phase of PR 
lineshape arises from the relative contributions of or and j8 detennined by the magnitudes of 
Aej and Ae2. For the CM energies coiTesponding to A£j(E) ~ 0, the PR feature will take the 
shape of J3 which is symmetrical (see Figure 7.3, spectra at 0 = 13® and 40®). On the other 
hand, the CM energy corresponding to A£2(E) ~ 0 (see Figure 7.3, spectra at 0 = 25®), the 
PR feature will take the shape of of which is antisymmetrical.
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Figure 7.4: The graph shows the energy dependent real and imaginary parts o f the simulated 
modulated dielectric function Aei^2 - Note the points A, B, C corresponding to special symmetries. A 
and C correspond to PR=pAe2 where the Séraphin coefficient P  and, therefore the PR feature, is 
symmetrical. B corresponds to PR=aAei where a , and therefore the PR feature, is antisymmetrical. 
Also, B corresponds to E'-^Eqw as it was shown that A£2 (Eqw) = 0. The difference between the 
energy of the point B and Eqw is due to the higher order energy interband absorption contributions.
We have verified with the latter simulation that /gjy-lSmeV is indeed much larger 
than FcArSmeY. We were also able to determine that the experimental antisymmetrical
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lineshape that occurs in Figure 7.1 at 0= 25°, yielding Eqw -  Ecm -  1.281 eV, is indeed 
very close to the value used in the simulation -  i.e. 1.280 eV obtained from the edge EL 
measurement- (see Figures 7.3 and 7.4).
7.5 Conclusion
It has been shown that the symmetry theory is indeed a reliable tool in the case of 
samples where no QW feature is visible in the PR spectra and Fqw »  /cat* The single 
coupled CM-QW PR feature displays an antisymmetrical lineshape at E  = Eqw allowing 
one to infer the E q w  as E c m  is tuned through.
To further verify this theory a red RCLED with comparatively few top DBR layers 
was studied. The result of this is described in chapter 4. The interest of that stiucture is that 
not only it displays a change in symmetry as the CM is tuned through the QW energy but 
the QW ground state excitonic feature is also seen in the PR spectra. Since Eqw is then 
known it allows one to check the symmetiy theory veiy precisely. The QW broadening was 
found to be larger than that of the CM (as with the sample studied in this chapter), and the 
QW excitonic transition feature visible in the PR spectra was found to be at the same 
energy as that of the antisymmetrical CM/QW PR feature.
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Chapter 8
Spectroscopic characterisation of 1450 nm edge 
emitting laser structures designed for Raman 
amplification
8.1 Overview
Although the first VCSEL operated at 1300 nm  ^ (in 1979), no VCSEL structure is yet 
commercially available in the long v^avelength range of 1300-1550 nm. To compensate for 
this lack of progress, a lot of effort has been put into edge emitter lasers (EELs) at these 
wavelengths. In this chapter, we conduct a study on EEL designs with an emission 
wavelength near 1450 nm, for use as pump lasers for Raman amplifiers.
Although the Raman effect for use in telecommunication signal amplification has 
been known for some thne,  ^ the development of erbium doped fibre amplifiers (EDFAs) at 
the begiiming of the 1990s, slowed dovm the research put into Raman amplifiers. 
However, the transmission capacity demand has increased veiy rapidly since the emergence 
of the internet and the EDFA technology has started to reach its limits as systems seek to 
make use of a wider optical bandwidth. One solution to this problem is wavelength 
division multiplexing which uses all the optical signals included in the EDFAwavelength 
band. However, as the demand is expected to increase still more, a better solution is 
needed. Low loss silica fibres, which are suitable for long haul transmission, have a low 
attenuation band (~1400 to 1600 nm) that can extend far beyond the band in which EDFA 
amplification is possible (-1430 to 1480 nm), making silica the medium of choice for data 
transmission.  ^The Raman effect  ^relies upon phonon scattering of the pump laser in silica 
optical fibre to amplify telecommunications signals. When an longitudinal optical phonon
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is emitted, the loss of energy incurred by the radiation corresponds to a shift in wavelength 
in silica of ~100nm (known as the Stokes component of the scattered radiation -  see Figure
I8.1). This process provides a “reservoir of excited carriers” with the same energy of the 
signal to amplify (this corresponds to -1550 nm). The photons from the incoming signal 
can hence stimulate recombinations with these carriers and thereby amplification occurs.
he
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not to scale)
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Pump laser
Anti-Stokes 
component 
(phonon d^tmction)
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Figure 8.1 : Raman scattering principle in the silica. A phonon from the pump laser of, say, X -1450 
nm travelling in the silica looses an energy corresponding to -1 0 0  nm through the creation of a 
phonon (see inset). The resulting photon has a wavelength X -1550 nm which corresponds to the 
desired amplification wavelength. This results in the presence of the very weak Raman line 
corresponding to the Stokes component.
Unlike EDFAs or other rare-earth-ion fibres, the gain wavelength is not fixed by the 
energy levels of the ions but depends upon the wavelength of the pump lasers, with - 1 0 0  
nm offset between the pumps and the gain wavelength (for instance -1450 nm pumps are 
used to produce gain at 1550nm). This therefore, makes it possible to amplify any 
wavelength by selecting the right pumping wavelength or a combination of pump 
wavelengths to obtain gain over a very wide band (see Figure 8.2). By varying the pump 
power at each of a number of pump wavelengths one can produce a reasonably flat net gain
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profile. Of further advantage is the fact that it is possible to obtain amplification in existing 
silica fibres, thus decreasing the costs of implementation.
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Figure 8.2 : The left graph shows the various intensities for each pumping wavelength in the range 
of 1400 nm to 1500 nm. The right graph shows the Raman gain corresponding to the latter laser 
pumps after the emission of a phonon o f ~100 nm. One can note that the top curve, which is the 
sum o f all the others, is almost levelled giving a roughly constant gain over a wide range o f  
wavelength (-1500 nm to 1600 nm).'*
This is particularly useful for pre-amplification: if the pump lasers are propagated along a 
fibre with the data transmission, the data signal can be amplified as it travels, and so is less 
susceptible to noise. Counter-propagation provides additional advantage by amplifying the 
signal most when it is weakest and by providing immunity to high frequency noise from the 
pump laser. This technique allows for longer transmission spans or less sophisticated, and 
so cheaper, receivers to be employed. The Raman effect however is a very weak effect, 
requiring high power pumping lasers to produce efficient gain over a wide range of 
wavelengths (typically 0.5 to 2W across the pump wavelength range) and long interaction 
lengths (typically many km).
8.2 Introduction
Several possible structures for such Raman pump lasers were recently designed by T. 
E. Sale and S. J. Sweeney at Marconi Optical Components. The object of this study is to 
investigate the ability of various spectroscopic techniques to characterise them early in the
154
Chapter 8 : Spectroscopic characterization o f 1450 nm edge emitting laser stroctuies designed for Raman
aipplification
fabrication process. These tecliniques include electro-modulated reflectance (ER) on pré­
fabrication wafers and preliminary optical studies of fabricated devices. This study was 
done as part of a comprehensive investigation of the designs, from the wafer 
characterisation through to the device fabrication and performance studies.
We have developed a form of ER (see chapter 3) which can be used as a tool for 
characterising stmctures early in the manufacturing process, and which does not need any 
electrical contact to be fabricated onto the sample. It is well known that modulated 
reflectance techniques such as ER can give more infoimation than simple reflectance (R) or 
photoluminescence (PL). Not only can the values of the ground state transition energies of 
the various materials composing the stmcture be determined, but also their higher order 
transition energies (when applicable). This may allow e.g. layer compositions, thicknesses 
and built-in electric fields to be deduced by comparison with the theory. This early 
characterisation can be useful to the grower to decide if the batches of wafers should be 
processed to make good quality devices, or regrown if the characterisation shows bad 
results, without incurring too much loss of money or time. Also, our ER technique is 
virtually non-destructive as it only requires a very slight contact of a separate flat 
transparent top electrode to the surface of the sample, which could then later be processed 
into a working device if desired.
Note that ER was used as the main characterisation technique for these samples 
instead of PR (although PR is a completely non-contact technique), because the pump laser 
available for the PR experiments was found to be too strongly absorbed before reaching the 
QW layers. Therefore, the PR signals obtained from the QWs were generally too weak to 
be analysed properly, although reasonable PR signals could be obtained from other 
components of the stmcture (see later).
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Spectroscopic studies, consisting of ER, PR, R and PL, were performed on pieces of 
wafers from four different edge emitter laser structures designed to be Raman pumps 
operating at -1450 mn. The ER was analysed in several ways to obtain information about: 
1) The transition energies of the QWs in the active region. These were then compared to 
theoretical calculations; 2) The band gap energy (Eg) of the waveguide-core/bamer material 
of the structure; 3) The built-in electric fields (F) in the waveguide-core material region 
which were also compared with theoretical calculations. The PR measurements which we 
also perfonned could be used to corroborate our interpretation on the origin of the F  
obtained from the ER spectra analyses of the barrier region. As well as PL measurements 
on wafers, preliminary spontaneous emission (SE) measurements were perfonned (by 
Daren Lock) on devices fabricated from the same batches of wafers. Both the PL and SE 
measurements were compared with the accurate QW transition energies values obtained 
from the ER spectra. Theoretical calculations of the QW transitions (performed in 
collaboration with Dr Stanko Tomic) and of F  for each structure, were then compared to the 
experimental results, in order to refine growth parameters such as well width, and barrier 
compositions.
8.3 Sample and experimental details
The four edge emitter laser structures (labelled A, B, C, D) were grown by Marconi
Optical Components using low pressure molecular organic chemical vapour deposition
(MOCVD) on an InP substrate. They comprise an active region composed of four
InGaxwAsywP / InGaxbAsybP QWs (see Table 8.1 for details of compositions) which is
sandwiched between two thick 2500 Â InGaAsP unstrained waveguide-core (bandgap
-l.ljxm ) and 500 Â InP cladding layers. The structures were designed with increasing well
widths (Lz) of 40 Â for sample A, 50 Â for samples B and C, and 60 Â for sample D. All
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QWs were compressively-strained (-1%). All of the structures were designed with 100 Â 
InGaAsP barriers. Samples A, B and D have a bandgap wavelength of -1.1 pm and are 
lattice-matched to InP. Sample C was designed with a tensilely-strained InGaAsP barrier 
(strain ~ -0.28%), in order to provide not only deeper wells but also a larger conduction 
band (CB) offset. As compared to the other three structures, this should give better electron 
confinement and so potentially achieve a better balance between the electron and hole 
concentration in the QW. This should in turn help reduce Auger recombinations, which are 
dominated by np^ processes.^ The thicknesses of the QW and the barrier layers were 
determined at Marconi by transmission electronic microscope (TEM) measurements (see 
Table 8.1).
Sample
QW BarrierAV aveguide-core
Width
(A)
Strain
(%)
Composition
(xw,yw)
Width
(A)
Strain
(%)
Composition
(xb,yb)
A 40
32(9)
40
1 .0 '°"’ 0.263, 0.874 1 0 0 *^^ )
119(9)(')
Q (nk) 0.146, 0.318 
0.157, 0.343
B 50
46(9)
55
1.0 '”"’ 0.238, 0.821 1 0 0 *^^ )
115(9)(*)
Q (nk) 0.146, 0.318 
0.136, 0.297
C 50
46(9)
53^^
0.9 0.256, 0.848 Wav^^#" W coit% : .  0 '°’ 0.190, 0.414^“^  0.174, 0.379
1 0 0 *^^^
110(9)^*)
-0.28 0.190, 0.326 
0.181, 0.309
D 60
64(9)
70
1.0 '°"’ 0.221,0.785 100 
110(9)
0 '°"’ 0.146, 0.318 
0.153, 0.335
n nominal values
t TEM measurements
e deduced from ER results
k values used in the k.p model
Table 8.1 : Summary of the lui.xwGaxwAsywPi.yw QW and hiuxbOaxbASybPi-yb barrier structure. For all 
samples the unstrained waveguide-core is designed to have a bandgap wavelength o f -1.1 pm, the 
same as the barrier, except in sample C where the barriers are tensilely-strained. The values denoted 
by are those used in the final theoretical k.p calculations o f the QW transition energies (see later). 
In these calculations, nominal compositions (denoted by ) were used for the QW, but the barrier 
compositions were those adjusted using the barrier bandgap energies obtained from the ER 
experiments. To achieve a match with experiment, only the QW thickness Lz was allowed to vary in 
the model, within the limits o f the TEM uncertainties (figures in parentheses).
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Devices were subsequently fabricated from the same wafers batches grown at the 
same time and in the same reactor. The only difference is that, additional layers for 
cladding and contacting were deposited on the device samples in a subsequent growth run. 
The samples used for optical characterisation do not have those additional layers since the 
thick upper contact layer (composed of heavily p-doped InGaAs which would strongly 
attenuate wavelengths shorter than 1 .6 6 pm) would prevent optical access to the active 
region at the wavelengths of interest.
Simultaneous ER and R measurements were perfonned in air using a set up described 
in chapter 3.  ^The probe beam was supplied by a conventional tungsten-halogen lamp and 
monochromator arrangement and the signals were detected with an InGaAs photodiode and 
lock-in amplifier arrangement. A small piece was cleaved out of each of the four wafer and 
held between two electrodes : one a grounded copper plate and the other a transparent 
indium tin oxide (ITO) coated glass slide.^ The ER was excited by a sinusoidal voltage 
applied to the transparent electrode, provided by the lock-in amplifier internal oscillator 
(333 Hz) which was amplified to -50V by external circuitry. The resulting average AC 
field amplitude across the -0.5mm-thick samples was thus E-lkV/cm. Since the samples 
are touched only gently, our method is not destructive and the sample could be later 
fabricated into research devices if desired. Cleaving the wafer would not be necessary with 
an appropriate sample holding technique, so the technique can potentially be applied to 
wafers mid-process. For the R and ER spectra, the instrumental FWHM was 3.4 nm. In 
addition, a corroborative PR experiment was performed for sample A for comparison (see 
later). The modulation was provided by a chopped Nd : YAG laser (1064 mn) with an 
interference filter at 1060 nm to cut off any parasitic light emitted from the laser. A 1100 
nm long pass filter was also placed in front of the InGaAs photodiode detector to attenuate
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any scattered light from the laser and the second order spectrometer light. The instrumental 
resolution(FWHM) for the PR was 5.3 mn.
Corroborative PL experiments were performed on the same spot as the ER experiment 
using a conventional aiTangement (see chapter 3). The modulation was provided by a 3 mW 
HeNe laser at 632.8 nm. This time, the FWHM was 5.3 mn, sufficient for resolving the 
broad emission features of an edge emitter laser. The PL was detected with an InGaAs 
photodiode / lock-in amplifier arrangement.
All R a n d  PL s p e c t r a  w e r e  c o i T e c t e d  f o r  t h e  e f f e c t s  o f  i n s t r u m e n t a l  r e s p o n s e .
In addition to the wafer characterisation, preliminaiy device characterisation was 
earned out by performing SE measurements on fully-fabricated working lasers. The SE was 
collected using an optical fibre from a window milled into the laser substrate metallisation. 
This enables the underlying pure spontaneous emission to be determined without the 
distorting effects of gain and loss along the laser cavity. The lasers were driven under 
pulsed operation (500ns long pulses at IkHz repetition) to minimise the effects of current 
heating and the spectra were measured using an optical spectmm analyser (the FWHM was 
10 nm). This technique is described in more detail elsewhere.^
8.4 Experimental results and discussion
The results of the various characterisation measurements performed on the four 
different samples are reviewed and discussed here. We will be able to assess the effects of 
the various designs (different well widths, strained and unstrained barrier, etc.) on well and 
waveguide-core/barrier transition energies as well as waveguide-core/cladding interface 
electric fields. Also, we will see that ER is a powerful technique giving accurate results on 
both QW and barrier parameters.
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8.4.1 QW information
PL performed on pieces of wafers gives information about the QW ground state 
transition. Figure 8.3 shows that all samples consistently peak near -0.845 eV (see Table
8.2) except sample B which peaks at 0.874 eV. As can be seen from the inset in Figure 8.3, 
the broadening of the PL peaks decreases with increasing well width as would be expected 
from the fact that monolayer fluctuations give rise to proportionally greater broadening for 
narrower QWs.
Sample
&
Nominal Lz
Method
ejhhi
QW transition energy (eV) 
ejlhi ! eihhs I: Î ei-VB
A PL 0.848(13) - 1 -
SE 0.859(14) - 1 -
ER modulus 0.845(14) 0.935(19) - i -ERfit 0.846(1) 0,954(1) i1 1.050(2)
Lz = 40Â Theoiy (Iz=40A ) 0.846 0.939 ! 1.054
B PL 0.874(11) - i -SE 0.879(17) 0.929(13) 0.986(15) 1 1.035(10)
ER modulus 0.861(12) 0.974(18) 1 -
ERfit 0.863(1) 0.931(1) 1 .0 0 1 (1) 1
1
-
Lz = 50Â Theory {Lz =55 A) 0.859 0.940 1.045 1 1.072
C PL 0.844(1) - -
SE 0.861(15) 0.922(15) 0.975(15) I -
ER modulus 0.835 (10) 0.910(13) 0.987(10) I -
Tensile barrier
ERfit 0.835(1) 0.922(1) 1.038(2) jÏJ i
-
Lz -  50 A Theory {Lz = 53 A) 0.832 0.926 1.036 i 1.063
D PL 0.844(9) - - 1 -SE 0.854(15) - ! -ER modulus 0.836(10) 0.916(14) 0.971(14) 1 -
ERfit 0.840(1) 0.909(1) 0.969(5) 1 1.044(8)
L z ^  60A Theory {Lz = 70 A) 0.829 0.910 0.968 1 1.035
Table 8.2 : Summary of the QW transition energies obtained for all samples by the various methods 
indicated. The figures in parentheses are the uncertainties in the last digits of the experimental 
measur ements. The assignments (e.g. eihhi) were deduced from a comparison with the theory -  see 
later).
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c3
-2<0
T3I
iOz
0.75 0.80 0.85 0.90 0.95
Energy (eV)
1.00 1.05
T=300K Sample L^ (A) FWHM(eV) Peak(eV)
A 40 0.053
B 50 0.045
C 50 0.045
D 60 0.038
0.846
0.874
0.844
0.844
1.10
Figure 8.3: Photo-luminescence spectra for the samples A, B, C, D. All spectra are at room 
temperature, normalised and corrected for instrumental effects. All spectra peak near 0.845 eV, 
which corresponds closely to the specification (0.855 eV), except sample B, which peaks at higher 
energy (0.874 eV). The inset gives the nominal well width (Lz), the FWHM and the peak energy for 
each sample. The FWHM of the peaks increases as Lz decreases.
These PL results are confirmed by the SE experiments performed on the devices 
fabricated from the same batches of wafers. There again the main QW emission peaks from 
all samples (displayed on Figure 8.4) are approximately at the same energy (-0.858 eV) 
except again for sample B which is at -0.879 eV (see Table 8.2). The slightly higher 
energies obtained from the SB (by -5-17 meV) as compared to those obtained from the PL 
could be due to fluctuations between the wafers from two respective batches, as a result of 
spatial non-uniformities within the MOCVD reactor. For some of the samples studied here, 
the SB in Figure 8.4 gives more information than PL (see Figure 8.3) : it displays clear 
secondary peaks corresponding to the higher order transitions in the QW (sample B and C).
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c3
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c0
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(/)3
§ciSc
âCO
0.75 0.80 0.85 0.90 0.95
Energy (eV)
1.00 1.05
T=300K Sample L (^A) FWHM (eV) Peak (eV)
A 40 0.056
B 50 0.068
C 50 0.060
D 60 0.060
0.859
0.879
0.861
0.854
- - B
1.10
igure 8.4 : Spontaneous emission spectra for the samples A, B, C, D at room temperature, 
normalised and corrected for instrumental effects. As in figure 7.2, all spectra peak at roughly the 
same energy (near 0.858 eV), except sample B, which peaks at higher energy (-0.879 eV). Unlike 
the PL spectra, these sometimes have several peaks corresponding to higher order QW transitions.
From this first set of experiments, it is clear that sample B distinguishes itself from 
the others in that it has a higher QW ground state transition energy. As will be seen, the ER 
spectra explain this anomaly.
The ER experiments were performed to get more accurate and comprehensive 
information about the waveguide-core/barrier regions, and the QW ground state and higher 
order transition energies of the samples. Figure 8.5 displays a typical example the ER, ER 
modulus and SE spectra obtained (here for sample B). The lower plot represents the ER 
signal. In order to provide an initial interpretation of the ER spectrum, the ER modulus  ^
of the full range of energies was calculated for each sample using the Kramers-Kronig
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(KK) transformation. By removing the phase infoimation contained in the ER signal, this 
teclinique, as explained in more detail in chapter 2, transforms the oscillatoiy ER spectra 
into pseudo-Lorentzian PL -like positive moduli spectra which peak near the transition 
energies,. Such a spectrum is displayed on the central plot of Figure 8.5, revealing at least 
two low energy QW transitions (moduli spectra from samples C and D show three clear 
peaks) and two higher energy transitions corresponding to the waveguide-core/barrier 
layers and InP substrate band gaps. The bander feature is described in more detail later.
ER modulus spectra are also of interest because they provide initial estimates of the 
parameters (such as band gap energies, broadenings and amplitudes) needed for least- 
squares fitting the actual ER itself with a theoretical lineshape model [Described in chapter 
2 : here, Aspnes’s third derivative functional form (TDFF) Here, the ER was fitted over 
the range of energies displaying the QW transitions. Figure 8,5 (lower plot) shows a very 
good fit (solid curve) yielding three QW transition energies (vertical dashed lines) at 
-0.863 eV, -0.931 eV and -1.001 eV. As corroboration of these results, the upper plot in 
Figure 8.5 displays the associated SB spectrum for sample B, with peaks near the fitted ER 
energies. All the results for the four different samples are summarised in Table 8.2. The 
theoretical calculations performed later yield the identity of each QW transition seen here.
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Figure 8.5 : Lower plot : the ER spectrum at room temperature for sample B is represented by open 
cii’cles. The lower part o f the energy range is magnified by a factor of 6. This range was fitted with 
a line shape model (solid line). Middle plot : ER modulus spectrum for sample B obtained using the 
KK transformation of the ER spectra. Upper plot : SE spectrum for sample B. The three spectra are 
in reasonable agreement. The tlnee vertical dashed lines are placed at the energy values obtained 
fiom the fitting for the QW transitions (~0.863 eV, -0.931 eV, and -1.001 eV - see later).
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8.4.2 Waveguide-core/barrier modulus results
Often signals from the bulk-like and barrier material in a QW heterostructure are also 
obtained from modulated reflectance spectra. These may be useful not only for 
determining/checking the actual composition of e.g. the barrier material, but also for 
measuring built-in electric fields.
The ER modulus spectra of the four samples in the region of waveguide-core/barrier 
and InP substrate (higher-energy peak at ~1.35 eV) are displayed on Figure 8.6. Samples A, 
B and D were designed to have an unstrained barrier with the Eg-1.1 eV. Samples A and D 
peak at -1.109 eV and -1.120 eV, respectively, confirming that they were grown up to 
specifications. However, sample B has an unexpectedly higher barrier Eg at -1.144 eV : it 
was grown earlier in the sequence whilst compositions were being fine-tuned and this 
appears to be an accidental consequence of different growth conditions. However, this 
makes the QW deeper, and thereby provides extra confinement. Therefore, it explains the 
higher ground-state confinement energy obseiwed in e.g. the PL and SE (Figure 8.3 and 8.4, 
respectively). Though unintentional, the deeper QW in sample B could improve carrier 
confinement in the device structures, in a somewhat similar way to that intended for sample 
C, which was deliberately designed with a wider bandgap tensile barrier. As mentioned 
earlier, this design was intended to improve device performance via the stronger 
confinement created by the higher barrier energy, and CB offset, and this should reduce 
carrier spill-over effects and, consequently, the amount of Auger recombination.^^ As 
expected, sample C does indeed display two InGaAsP peaks in Figure 8.6 (one ftom the 
tensile barrier material at a slightly higher energy o f-1.134 eV and one from the unstrained 
waveguide-core material at -1.091 eV).
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Figure 8.6: ER modulus spectra for the four samples A, B, C, D at room temperature in the region 
of the barrier and substrate energies. All spectra peak near 1.110 eV, except for sample B, which 
peaks at higher energy (-1.140 eV). Sample C, which has a tensile barrier displays two peaks (from 
the tensile barrier and unstrained separate confinement heterostructure material). The highest energy 
peak, visible in all the samples near 1.35 eV, is due to the InP substrate band-gap.
8.5 Theoretical analysis of the waveguide-core/barrier FKOs
Knowing Eg is important to determine the waveguide-core composition actually 
obtained, as compared to the one intended. However, it is important to realise that the
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modulus spectra as a way to estimate transition energies has only been proved to be 
formally correct for confined state QW transitions and bulk-like features which do not 
display appreciable Franz Keldysh Oscillations (FKOs).  ^ FKOs are characteristic of 
carriers being accelerated by the presence of an appreciable static electric field F.
However, all samples display FKOs in the waveguide-core/barrier ER signals (see 
Figure 8.7) : the most obvious are in samples A (see Figures 8.7 and 8.9), C and D. One 
must therefore be careful with the use of the estimates of Eg obtained above with the 
modulus method. The ER signals near Eg could, in principle, result from a mixture of two : 
from the thick waveguide-core and from the barrier layers between the QWs. However, the 
barriers themselves are veiy thin (100A) and we consider that the carriers cannot be 
significantly accelerated, so any extended FKO are suppressed and the ER signal results in 
the simpler TDFF-like lineshape localised in energy in the neighbourhood of Eg (for which 
the modulus peak method is formally correct  ^ °^). Therefore, the FKO observed above Eg 
must, in principle, originate fiom the thick unstrained waveguide-core.
However, they may be mixed with any barrier TDFF lineshape, potentially giving rise 
to a more complicated overlapping spectrum. Sample C has two barrier signals of 
comparable strength at different energies [one originating from the tensely-strained barriers 
and the other from the waveguide-core (see Figure 8.6)]. In this case, as explained above, 
we think that the ER signals are mixed such that : the barrier TDFF is embedded in the 
high-energy oscillatoiy region of the waveguide-core FKO, resulting in a distortion of the 
FKO signal which will need special consideration. However, samples A, B and D are 
designed to have the same (unstrained) barrier and waveguide-core composition, therefore, 
the corresponding TDFF and FKO should have the same bandgap energy Eg. Thus we 
analysed the ER waveguide-core / barrier signal in several ways.
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Figure 8.7 : ER spectra for the four samples A, B, C, D at room temperature in the region of the 
barrier and the substrate energies. All spectra display FKOs above the strong barrier ER feature, as 
well as a higher energy feature near 1.35 eV corresponding to the InP substrate. The FKO above 
bandgap extrema are marked with ticks. The most pronounced FKOs are in samples A, C and D. In 
the case o f sample C, the two mixed ER signals have different Eg : the barrier TDFF is embedded in 
the high-energy oscillatory region o f the waveguide-core FKO, resulting in a distortion o f the FKO 
signal.
It is well known that the energy-spacing of the semi-periodic FKO extrema (peaks 
and troughs -  see e.g. Figure 8.9) is proportional to the electro-optic energy AÏ2 of the
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accelerated carriers, which is in turn a measure of F. Here, we re-express the well-known 
relationship between tiQ , carrier reduced mass //, and static field F, that can be deduced 
(see Equation 2.28) as :
F wi t h— = 4 -  + - 4 -  (8 .1)A/ «î,,/,
where F  is in units of kV/cni, \x in free electron masses (mo), and fi£2 in meV. Thus 
provided me and m/,/,* are known, analysing such FKOs, using graphical methods or 
lineshape fitting described next, will yield not only Eg and ^i2but also the built-in F  of the 
structure. The latter is of interest in the present samples as it gives information about the 
doping profile of the region.
One method of doing this is to fit the whole barrier feature (including FKOs) with a 
theoretical lineshape model based on Airy flmctions and their derivatives (see chapter 
2). As mentioned earlier, the potential presence of overlapping baiiier and waveguide-core 
FKO signals makes the situation more complicated. However, sample C has different 
bandgap energies for its waveguide-core and baiTier materials (see Figure 8.6). Therefore, 
the ER can be unambiguously fitted with a lineshape consisting of the sum of an Airy- 
based fimction (for the unstrained waveguide-core FKO) and a non-degenerate TDFF (for 
the tensile barrier). This fit (not given here) confirms that the relative amplitudes of the 
waveguide-core and barrier signals are comparable, as indicated by Figure 8.6. 
Consequently, we used the same model to successflilly fit the ER of samples A, B and D 
(but with the barrier and waveguide-core Eg now constrained to be equal). The results 
obtained for Eg and hjQ from the TDDF/Aiiy-function-based fitting are displayed in Table 
8.3. From these fits, we also noted that the above-bandgap energy-positions of the FKO 
extrema for samples A, B and D are not significantly affected by the presence of an
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underlying TDFF, with the same Eg as the FKO. This allows the FKO of these samples to 
be analysed separately by the well-known graphical methods, which we describe next.
The most common and the simplest methods of analysing FKO and obtaining ^i2are 
graphical and involves plotting the energy-positions of the above-bandgap extrema (see e.g. 
Figure 8.9) on an appropriate straight-line graph. This is based on the following 
approximate energy-dependence of the modulated reflectance signal in the asymptotic 
region well above Eg :
■^oc  cos
V
E —Egno. (8.2)
where <9 is an (unknown) phase factor. This oscillatory expression has extrema at energies 
Fy given by :
Ej~Eg
hQ
X- \ -d = j7 t, y=0,l,2,..., (8.3)
This equivalent to :
(8.4.a)
or
E j= m {F j)+ E s, with P ]= \^(j7C -e)Y  (8.4.b)
On the one hand. Equation 8.4.a leads to the first of the two possible graphical 
methods, which here we shall refer to as the “j-plot” teclinique : the measured energies,
Ej , conesponding to the peaks and troughs in the FKO (see, e.g. Figure 8.9), are used to 
plot (Ej -  Eg)^ ^^  versus extremum index j  (The j~ 0  solution occurs only i f  0 < 0). This 
yields a straight line whose gradient and intercept give h ^a n d  0, respectively. The first 
extremum above Eg will usually coiTespond to the lowest value of j .  However, the choice 
must be made carefully as those extrema just above Eg may be too close to Eg for the
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asymptotic expression (Equation 8.1) to be applicable while those too far away might be 
too weak or superimposed with other PR features (here the InP substrate) to be reliable. For 
this method one needs an a-priori knowledge of Eg, Here, however, the information on Eg 
obtained from, say, the modulus spectra in Figure 8.6, is only imprecise. Using this method 
would therefore give an unacceptably large uncertainty in the resulting tiQ, (and thus, from 
Equation 8.1, in F ).
On the other hand, when Eg is unknown, one may plot the alternative straight-line 
graph, given by Equation 8.4.b. For this, a linear plot of Ej versus Fj will yield tiQ m à  Eg 
from the gradient and intercept, respectively. However, this so-called “Fj-plot” method, 
relies upon precise knowledge of the phase factor 6  in order to determine the F) factors in 
Equation 8.4.b (also the indices j  of the extrema need to be identified coiTectly -  which, 
since Eg is unknown, is not necessarily always obvious). 6 is known to depend on the 
dimensionality of the critical point and it is often assumed in the literature that 6 has a 
value of^/2. However, <9 also depends on electron-hole interaction strength and short-range 
scatteiing processes as well as sample conditions, layer optical thicknesses, and other 
essentially arbitrary factors^^. Thus it is not generally possible to predetermine the value of 
^and it could potentially take any value between, say, -n and +71. Due to this uncertainty in 
0, using the Fj method on its own can only yield, at best, a range of possible values for 
and Eg.
From the above considerations, it comes that 0 is essentially unknown and our value 
for Eg only an approximation. Therefore, the use of both techniques, j-plot and Fj-plot, to 
infer hJQ and thereby F  seems to be precluded. However, the use of a Monte Carlo 
technique gives a solution to this problem. Knowing that the FKO signal amplitude is 
strongest near the band edge it is possible to make a reasonable estimate of the ran^e
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within which Eg is likely to lie, by looking at the ER, and modulus spectra (Figure 8.6). For 
instance, in Figure 8.9, Eg is unlikely to lie above the first,y=7, extremum near 1.13eV, nor 
below the small peak near 1.08eV. If one makes a random guess of F^, say F^, within such 
an estimated range, one can then use the j-plot method (Equation 8.4.a) to estimate ^and 
the electro-optic energy, say Then, using this estimate of 6, the Fj-plot technique 
(Equation 8.4.b) can be employed to get new estimates of the energy gap, say Egpp and 
electro-optic energy, say TiÜ^y We contend that, if the initial guess of Egj was good, it 
should agree well with Egpp and the same should be true for and : i.e. the two 
graphical methods should be in good agreement with each other. In order to measure this 
agreement one can monitor an “agreement” factor :
tea.. - f iQ .'
rj should approach zero in the limit that the j- and Fj-plots give identical results for Eg and 
fi£2. Although this is unlikely to be achieved in reality, we argue that the smallest value 
that can be achieved for rf by making a series of random Monte-Carlo guesses for Egj 
(within an acceptable energy-range) gives the best possible compromise between the two 
graphical techniques. This scheme was adopted and a computer program, written by Dr Jeff 
Hosea, was used to make many random guesses (~10^) of Egj within a given range, perform 
the appropriate j- and Fj-plot fits, calculate the respective values of tiQ., and keep track of 
the agreement factor rj. The minimum value of rj achieved (typically 10'^) was assumed to 
represent the best possible scenario. For added clarity, the mechanism of the program is 
described on Figure 8.8. The insets in Figure 8.9 show typical final results from this 
technique (for the FKO of sample A, in which Eg was guessed in the range 1.06 to 1.12eV).
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n=n+l
Fj-plot method
j-plot method calculation of tin
N (~10*) random 
throws of Eg on a 
chosen range of 
energies.
At the n*** throw
Figure 8.8 : Monte-Carlo Fj- and j-plot methods program chart. The program performs N random 
thr ows o f ^  in a chosen energy range. For say the n^ ' throw, it inputs, say in the j-plot 
teclmique to calculate and 6  and uses the latter to calculate calculates and Egpj. Then it 
calculates ?]„. If < 7j„+i then it oveiwiites i] such as 77 = rj„ and it stores tire coiTesponding values 
of hQ  and Eg obtained from both techniques. Then it repeats until n = N, where it returns the 
minimum value o f rj achieved (typically 10'^), and the corresponding values o f Eg and ^i2from botli 
techniques.
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Figure 8.9 : The ER FKO spectrum in the energy-range of the waveguide-core/barrier transitions 
(open circles) for sample A, The curve is a fit with the TDFF/Airy-function-based lineshape model. 
The insets show final results fiom the combined Monte-Carlo Fj- and j -plot techniques.
The results from the analysis of the waveguide-core/barrier ER by the Monte-Carlo 
Fj- and j-plot methods for samples A, B and D are shown m Table 8.3. We consider that the 
graphical methods could not give reliable results for sample C due to the fact that the 
barrier signal is known to overlap with the FKO in the crucial region above Eg. One notes a 
good agreement with the other three methods employed : the modulus spectra peak 
positions and the least-squares fitting of the FKO with the TDFF/Airy-function-based 
model.
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Sample
D
Modulus
E,
(eV)
1.109
1.144
1.091
1.134
1.120
Airy-function fit
E,
(eV)
1.107
1.141
1.080
1.143
1.118
26 8
5.38T-,
'T
V
26 5^
Fj-plot
(eV) I
1.116 "24.14^
33.$"1.141
1.113 4 20.0 &
j-plot
(eV) :
1.108 #25.9
1.110 _  21.0 ’
Average values
<Eg> <h€i>
(eV)
1.110
(6)
1.141
(3)
1.085
(6)1.138
(7)
1.115
(5)
25.6'"(1.4)'
,35.3 .
30.9  ^%(0:6)-
: 22.5 '
F
(kV/cm)
FKO
wave
guide-
core
102 (8)
167 (21)
134 (4)
84 (20)
Poisson eimation
Wave 
guide- 
core max
108
98
114
106
QW
16.5
17.0
15.5
16.5
Table 8.3 : Summary o f the results for all samples for the waveguide-core/barrier band gap energy 
(Eg), the electro-optic energy (AÜ ) and built-in electric field (F), obtained by analysing the FKO in 
the ER spectra of the waveguide-core/barrier layers. The column headings indicate the method by 
which the results were obtained. The last three columns show the deduced values for F The figures 
in parentheses indicate the deduced uncertainties..
Finally from the different values of Eg and fi{2 obtained from the various analysis of
the ER spectra in the waveguide-core region, the calculation of the built-in electric fields F
in the waveguide-core region, could be performed as follows. From the grand overall
average value of Eg from the various techniques, <E^>, (see Table 8.3), the waveguide-core
quaternary composition was estimated from literature parameters (such as those in
Reference '^) assuming a lattice match to the InP substrate. From this composition, the
quaternary electron and heavy hole masses (we assume that the light hole contribution to
the FKO is negligible because the light hole density of state is much smaller in relation to
the heavy hole band '^) were calculated by linear interpolation in the [001] crystal direction
(using literature values from Reference *^ ). For example, for sample C, the interpolated
reduced mass of the unstrained waveguide-core quaternary material (Ini.xbGaxbAsybPi.yb)
referred to as fi/zcmstr"^^ calculated as follows. The estimated layer composition Xb=0.174
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and yb=0.379 was obtain from the <Eg> in Table 8.3 using a program which returns the 
composition of the QW or the barriers provided strain and Eg as well as materials are 
known. The electron masses of the binary materials GaAs, GaP, InAs, and InP in the 
direction [001], me(GoAs) -  0.067 mo, me(GaP) = 0.13 mo, me(iMs) -  0.026 mo, and me([nP) = 
0.0795 mo respectively, were taken fiom Reference The interpolated electronic mass was 
therefore :
^ eC w is tr  ^ \)'yb '^ e(G a A s)  Xb.(l~yb)>W2 e(GaP) ^  ( l-X b j.y b -W  e(ItiAs) ( l ”X b )* (l~ y b )* ^  e(InP)
which gives meCunstr -  0.0673(3) mo (see Table 8.4) where the figure in parentheses 
indicates the uncertainty on the mass obtained from the uncertainty on<Eg>.
From the Reference the heavy hole masses of the four binary materials were calculated 
from their Luttinger parameters fi and fi using (mo/m/,/,*)[ooi] = 7i~ 2.^2 and are muh(GaAs) ~
0.3496 mo, mhu(GaP)~ 03251 mo, mhh(iitAs) ~ 0.3333 mo, and mhh(inp) ~ 0.5319 mo.
The inteipolated heavy hole mass was calculated as above (see Table 8.4) :
mhhcurntr-0.43>5\Q) mo
Finally the reduced mass was obtained from its definition in Equation 8.1 :
M//Cuusu^  0.0583(4) mo 
Using the average value of the electro-optic energy, <^Ü> (30.9(0.6) meV for sample 
C), the final waveguide-core electric field F  was then calculated from Equation 8.1 (134(4) 
kV/cm for sample C - see Table 8.3).
The results for the waveguide-core/barrier electric fields in Table 8.3 show relatively 
high baiTier electric fields , in comparison to study of similar structures with 102 
kV/cm, 167 kV/cm, 134 kV/cm and 84 kV/cm for samples A, B, C and D respectively. To 
check these F  results obtained from the ER analyses, we numerically solved the Poisson 
equation following the method of Whiteaway,^^ in order to calculate the profiles of the CB
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and valence band (VB), and thus the expected built-in electric field throughout the 
structures. To do so, we used a program written by Dr Jeff Hosea. The samples are typical 
p-i-n laser diodes and there is a charge depletion layer between the p- and n-doped layers, 
from which originates a non-uniform electric field across the active region of the device. 
We assumed that the dopant concentration is large enough (~5xlO^^ cm’^ ) so that the built- 
in voltage is dropped virtually entirely across the undoped and comparatively highly 
resistive regions. The structure can therefore be simplified and modelled only by the 
waveguide-core/active region sandwiched between two 500Â thick p- and n-doped InP 
layers. The model accounted for the layer thicknesses, band gap energies, CB and VB 
effective masses, CB offset relative to the adjacent layers, dopant concentrations, and static 
dielectric constants, as well as dopant binding energy (here 50 meV for the acceptor and 7 
meV for the donor), the latter being estimated using the usual Bohr hydrogenic m o d e l A n  
example list of these parameter values is given for each layer of the model used for the 
structure of sample C in Table 8.4. The Feimi level was assumed to be pinned at the 
surface, midway between the VB edge and acceptor level. The binding energy of the 
acceptor level is 50 meV above the VB edge, so the Fermi level will be some 23 meV 
above the VB edge. An example of a calculated band profile is given in Figure 8.10, 
together with the resulting electric field (here for sample C).
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Layer material Thickness
(A)
E,(meV)
CB offset 
relative to the 
previous layer 
(meV)
CB
effective
mass
(rrJo)
VB
effective
mass
(frio)
Acceptor 
density 
(p cm'O
Donor 
densiW 
(n cin ®)
Relative
dielectric
constant
InP 500 1350 0 0.0795 0.5696 2X10" IxlO® 12.4
InGaAsP 
(waveguide core) 2500 1085 -181 0.0673 0.4351 1x10*^ 1x10® 13.27
InGaAsP (strained 
baiTier) 100 1138 24.7 0.0715 0.4815 1x10^ ^ 1x10® 13.05
InGaAs 
(compressively 
strained QW)
50 835 -120.2 0.0450 0.3767 1x10^ ^ 1x10® 14.19
InGaAsP (strained 
baii'ier) 100 1138 120.2 0.0715 0.4815 1x10^ ^ 1x10® 13.05
InGaAs 
(compressively 
strained QW)
50 835 -120.2 0.0450 0.3767 IxlO'^ 1x10® 14.19
InGaAsP (strained 
baiTier) 100 1138 120.2 0.0715 0.4815 1x10^ ^ 1x10® 13.05
InGaAs 
(compressively 
strained QW)
50 835 -120.2 0.0450 0.3767 1x10 '^ 1x10® 14.19
InGaAsP (strained 
baiTier) 100 1138 120.2 0.0715 0.4815 ixio'^ 1x10® 13.05
InGaAs 
(compressively 
stiained QW)
50 835 -120.2 0.0450 0.3767 1x10*^ IxlO® 14.19
InGaAsP (strained 
barrier) 100 1138 120.2 0.0715 0.4815 1x10^ ^ 1x10® 13.05
InGaAsP 
(waveguide core) 2500 1085 -24.7 0.0673 0.4351 1x10^ ^ 1x10® 13.27
InP 500 1350 181 0.0795 0.5696 1x10® 5vlO ’^ 12.4
Table 8.4 : Example model (here for sample C) to be input in the program using Poisson’s equation 
to calculate the CB and VB profiles as well as the non uniform built-in electric field in the sample 
structure. It includes the layer thicknesses, bandgap energies, CB and VB effective masses, CB 
offset relative to the overlaying adjacent layer, dopant concentrations, and static dielectric 
constants.
It has been remarked that FKOs are often a measure of the strongest electric field 
present in a structure, rather than the average,^^ Our observations seem to confirm this 
inteipretation : the analysis of the experimental FKO give large fields -100 kV/cm (see 
Table 8.3) but the Poisson calculations show a markedly non-uniform electric field tlirough 
the structures, with that in the majority of the waveguide-core being only -16 kV/cm. Large 
fields -lOOkV/cm do occur, but only at the deeper waveguide-core/InP interface (see 
Figure 8.10). As may be seen from Table 8.3, there is a reasonable agreement between the
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maximum field in the Poisson calculations and that deteimined experimentally from the 
FKO. Thus, we conclude that the latter field conesponds to the maximum field of the 
structure, here at the deeper interface between the waveguide-core and InP cladding layer.
%&Ic
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120Sample C
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Fermi level0 -  60VB
-500
-1000
-1500
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I
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Ü1111
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Figure 8.10 : The CB and VB profiles suiTounding the relevant active region o f sample C, 
(calculated by numerical solution o f Poisson’s equation). This shows tlie four 0.9% conipressively- 
stiained QWs (50 Â) and five 0.28% tensilely-strained barriers (100 Â), all sandwiched between 
two tliick (2500Â) unstrained InGaAsP waveguide-core, and InP claddmg (500Â), layers. The 
calculated electric field F  is ~16 kV/cm across the QWs and a maximum electric field (~114 
kV/cm) occur s at the deepest interface between the waveguide-core and InP cladding. The results 
for samples A, B and D are similar (see Table 8.3), except that the QW barriers have tire same 
bandgap as the waveguide core.
This conclusion is further confirmed by the PR experiment on the same sample A 
(see Figure 8.11) : in PR the observed FKO originate from waveguide-core/barrier material 
weighted tlirough a different depth profile to that m the ER experiments, since attenuation 
of the pump laser (here, 1064nrn = 1.165 eV) due to absorption by the over layer materials 
means that material near the surface is much more strongly modulated in PR than that at
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depth. Since the fields at shallower depths are smaller (-10-50 kV/cm -  see Figure 8.10), 
one would expect the PR to yield smaller fields for the FKO than those observed by ER.
2 Sample A - 
T=30DK
1
0 ER
fiQ. =25.6 meVo -1
PR
=12.2 meV  
E = 1.115 eV
-2
■3
-4
1,05 1,10 1,15 1,20 1,301,25
Energy (eV)
Figui'e 8.11 : PR (solid line) and ER (dotted line) spectra with FKOs in the energy-range o f tlie 
waveguide-core/banier transitions for sample A. The values o f Eg and h£2 for the PR spectrum are 
obtained from the final results from the combined Monte-Carlo Fj- and j -plot techniques. One notes 
the smaller “pseudo” period o f the PR FKOs compared to the ones in the ER indicating a smaller 
field value in the PR experiment.
Indeed, as can be seen on Figure 8.11, the “pseudo” period of the FKOs is smaller in
the PR than in the ER spectrum, indicating a smaller field for the PR experiment. A value
of -35 kV/cm is found for the latter, as compared to -102 kV/cm from the ER experiment.
8.5.1 Theoretical calculations of the QW confined energies
In order to verify that the measured QW transition energies obtained from the ER 
analyses were as expected from their specified layer thicknesses and compositions, an
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eight-band k*p Hamiltonian was used to calculate the QW confined-state energies The 
calculations were peifonned by Dr Stanko Tomic. The model comprises the highest VBs 
(i.e. heavy hole, light hole and spin-orbit split-off) and the lowest CB at k -  0 (each state 
doubly spin-degenerate). The Hamiltonian is quantised along the growth direction (2-axis), 
perpendicular to the growth plane. The tensilely-strained bamer in sample C (strain = 
-0.28%) was explicitly taken into account. An additional -eFz term was included in the 
diagonal elements of the Hamiltonian matrix, in order to describe the effects of the uniform 
built-in electric field F  in the growth direction z, across the QW (e is the electronic charge). 
This term yielded the magnitudes of the red shifts in the QW transitions associated with the 
quantum confined Stark effect (QCSE) in the present samples : the field across the QWs 
spatially localises electrons and holes at opposite ends of the QW, lowering the average 
energy separation of the two wave functions and leading therefore to a small red shift in the 
transition energies calculated from the simple flat band model (see chapter 2). However, 
calculating these QCSE red-shifts from the results of the earlier Poisson calculations of F  
present in the QW (-16 kV/cm -  see Figure 8.10), showed that they were smaller than 0.2 
meV, and therefore negligible.
Table 8.1 summarises the final stmctural parameters used in the k*p calculation in 
order to obtain a reasonable match with those determined fiom fitting the ER. The 
experimental values for average barrier band edge <Eg> in Table 8.3 were used to obtain 
the barrier compositions, as described earlier. On the other hand, for the QWs, we used the 
nominal concentrations and strain, allowing only their thickness, Zz, to vary within the 
uncertainties of the TEM measurements (Table 8.1). Tables 8.1 and 8.2 show the final 
values of Lz used. One notes that remains identical for sample A but is larger than 
nominal for the rest of the samples (by 5 Â, 3 Â and 10 Â for sample B, C and D
respectively). However, this remains in the tolerance indicated by the TEM measurements.
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The final theoretical QW transitions (open circles) and the experimentally-determined 
values (filled circles) are displayed in Figure 8.12. Each sample is represented by a vertical 
line in Figure 8.12. Their nominal well width is shown on the abscissa. Only parity-allowed 
transitions are considered, and all samples have two or more predicted possible confined 
QW transitions. Sample A, with the nanrowest well, has two [e; to the first heavy hole state 
Qihi) and gj to the first light hole state (/A;)]. The other three samples have three (ejhhj, 
eilhi, eihhs). A higher energy feature in the ER could be obsei-ved in two samples, A and D. 
We assign it to a cross-interface transition from the QW first electronic state (ej) to the VB 
of the baiTier material. This can occur because the wells are quite shallow (in comparison, 
say, to longer-wavelength laser stmctures emitting at 1.55 pm). Trying to attribute this 
higher energy feature to any other alternative transition (such as parity-forbidden QW 
transitions, e.g. ejhh2, or cross-interface hhi to the barrier CB) resulted in substantial 
downgrading of the agreement. For samples B and C, the high-energy ei-VB transition is 
predicted to be very close to the very strong ER signal from the waveguide-core/barrier. 
Hence, we can safely assume that it is effectively lost in it. Therefore, this transition does 
not appear in the ER spectra for both these samples. As can be seen in Figure 8.12, the ER 
and theoretical QW transition energies are generally in good agreement. The remaining 
differences are most likely due to residual imcertainties in layer compositions and the 
quaternary material parameters, especially for sample B, which, as remarked earlier, is 
further from growth specification than the other samples. All the results obtained for the 
QW transition energies for all samples, from PL, SE, ER modulus spectra, least-square 
fitting of the ER spectra, and k*p theory are summarised in Table 8.2.
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Figure 8.12 ; QW energies obtained fiom ER lineshape fitting (filled circles) and fiom theoretical 
calculations (open circles) for samples A, B, C, D.
8.5.2 Summary of information
As part of a comprehensive study to find out the best of the four designs for Raman 
amplifier pump laser application, pieces of as-grown wafers of four different InP / InGaAsP 
/ InGaAsP edge emitting lasers (A, B, C and D) designed for high power Raman amplifier 
pump applications near 1450mn were spectroscopicaly characterised, together with 
associated device studies. The best design will be decided in the future after a
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comprehensive device study. The designs included samples with different QW widths, as 
well as one (sample C) with tensilely-strained barriers.
The four wafer pieces were characterised using PL and ER. Using the ER modulus 
method, initial estimates were obtained for the energies of the ground state and several 
higher-order QW transitions, and the waveguide-core/barrier bandgap. Least-squares fitting 
to the ER spectra with a sum of TDFF oscillators allowed us to refine the estimates of the 
QW transition energies. Preliminaiy SE measurements on devices provided coiToboration 
for the PL and ER analyses of the pre-fabrication wafers. An unusually high QW ground- 
state transition energy was found for sample B.
Sample B was also foimd, from the waveguide-core/barrier ER spectra analysis, to 
have a higher barrier bandgap energy. Eg, suggesting slightly larger growth variations in the 
waveguide-core/barrier composition in this sample. This higher Eg results in a deeper well 
for this sample and thus greater confinement energy, thus explaining its higher-energy QW 
ground-state transition mentioned above. Sample C, which, on the other hand, was 
deliberately designed with a 0.28% tensilely-strained barrier to improve electron 
confinement and therefore device performance, was found to display two bandgap energies 
in the ER spectrum corresponding to the strained and unstrained material. The higher Eg 
corresponds to the tensilely-strained barriers and the other transition to the lower-bandgap 
unstrained waveguide-core material.
The Eg obtained from the ER modulus spectra was confinned by further analyses of 
the waveguide-core/banier ER spectra. We performed least-squares fitting of the 
waveguide-core/bamer ER spectra and/or applied a new technique employing the two 
possible graphical methods of analysing the FKO extrema (the Fj- and j-plot graphical 
techniques). This technique involves making Monte-Carlo guesses of Eg within a
reasonable range. It then allows Eg and the electro-optic energy TiQ. to be obtained
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graphically from the energy-positions of the FKO extrema, even when the parameters 
normally necessary (phase or for these standard graphical analyses are initially 
unknown. All methods gave consistent results for Eg and tiQ., The composition of the 
unstrained waveguide-core/barrier was deduced from the Eg results, which, together with 
the results for ti€l, yielded the built-in static electric field. This field and that predicted 
from a numerical solution of Poisson’s equation for the structures were compared and it 
was found that the field obtained from the FKOs was of the same order as the maximum j
field, -lOOkV/cm, present in the stmctures (which is at the deepest waveguide- I
I
core/cladding interface).
The field obtained by solving Poisson’s equation in the QWs was, however, much 
smaller, -16kV/cm, and QCSE red-shifts calculated by k.p theory were < -0.2 meV, 
which had a negligible effect on the QW transition energies. The theoretically calculated 
QW energies were matched to the ER fitting results by varying only the well widths in the 
model. From this we can conclude that the actual QWs in samples B, C and D are all 
somewhat wider than nominal (55, 53 and 70Â, respectively) but within the tolerances 
indicated by TEM measurements. Finally, these theoretical calculations showed that the 
highest-energy transition observed in the QW spectra occurs across the interface between 
the QW {ei ground state) and the barrier VB.
8.6  Conclusions
This study demonstrates how ER performed on pre-fabrication wafers of Raman 
pump stmctures gives an accurate and complete set of infonnation about the QW active 
regions, thickness, barrier compositions and built-in fields prior to actual device fabrication.
It is potentially a powerful tool to be used for post-growth characterisation. In a follow-up
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study a comprehensive set of device characterisation measurements on associated 
fabricated Raman pump lasers will be undertaken in order to gauge lasing perfoimance and 
correlate this with the present spectroscopic findings. The aim is to determine which of the 
present, or possibly future, designs is best suited for high power Raman amplifier pump 
applications.
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Chapter 9
“SiOz/TiOz hybrid VCSEL”
9.1 Introduction
This chapter investigates the interest in using SiOz/TiOz dielectric distributed Bragg 
reflectors (DBRs) as part of a “hybrid” VCSEL structure, as well as a potential novel way 
of conecting a inisgrowth of the cavity when the DBR growth has already taken place, 
suggested by Dr Terry Sale. The use of SiOz/TiOz dielectric DBRs instead of usual 
AlxiGai_xiAs/A xzGa i-xiAs DBRs for the top DBRs of a VCSEL is of interest for several 
reasons. First, the difference of index between the two layers of the DBR stack is much 
greater (nsi02 '=1.46, nxioa « 2.48 which gives An/n -  0,5) than for semiconductor based 
DBR such as AlxGai-xAs/ALGai-xAs (at %=650 mn nx=o.49i -  3,47,nx=o.9 3.18 from the
literature  ^which gives An/n ~ 0.1). This means that the reflection between two consecutive 
layers for SiOz/TiOz dielectric DBRs is higher. Therefore, fewer pairs of quarter 
wavelength layers are requhed  ^to obtain a R>99.5% reflectivity : typically -5-10 pairs as 
opposed to -40-60 paiis for AlxiGai.xiAs/A xzGa i-xzAs layers. This makes the fabrication 
process easier as a greater number of thin layers means a greater probability of growth 
fluctuation. Also due to the larger index difference, the high reflectivity stopband extends 
over a much larger range of wavelengths  ^(about 8 times that of AlxiGai_xiAs/A xzGa i.xzAs 
DBR - see Figure 9. l.a and 9.1 .b) and will be easier to align with a bottom AlxiGai.xiAs/A 
xzGa i-x2As DBR in case of slight errors in the growth. Also, the absoiption band edges of 
SiOz/TiOz dielectric DBR layers being at veiy high energies, should mean practically no 
absorption losses. The fact that An/n is so big means there will be less multiple reflection of
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light, through less material. Therefore optical chai'acterisation and in line monitoring 
techniques such as PR, PL or photo-pumping (PP) should be much easier to perform. Due 
to dismption associated to the move to a new building, the PP could not be developed 
hirther within the time scale of this thesis.
Si02/TiO2 dielectric DBRs are not extensively used in VCSELs because they need to 
be grown at relatively low temperatures (~200°C) as compared to that of the rest of the 
materials needed for the cavity and the active region of a visible VCSEL structure (GalnP 
and AlGalnP in our case), which are grown at much higher temperatures (~800°C). In 
simple terms, one way to grow top and bottom Si02/Ti02 dielectric DBRs is to grow the 
active region, the cavity and the top Si02/Ti02 dielectric DBR on a usual semiconductor 
based substrate (e.g.: GaAs) and then remove the substrate by etching to grow the bottom 
Si02/Ti02 dielectric DBR This makes the fabrication less straightforward and good 
quality devices are more difficult to obtain. Also two different processes are used for the 
growth of the Si02/Ti02 dielectric DBRs (e.g. electron beam deposition) and the rest of the 
VCSEL (MOCVD) structure respectively. For this reason, Si02/Ti02 dielectric DBRs have 
to be deposited last and separately in a different chamber, which makes the fabrication 
more complicated.
In this chapter, we describe reflectance measurements of pieces of wafer of a partial
visible VCSEL structure (see Figure 9,1) with different numbers of Si02/Ti02 dielectric
pairs grown on top. We will compare these reflectance spectra with those of the partial
stmcture without any Si02/Ti02 dielectric DBR (see Table 9.1), and a full AlGaAs based
DBR VCSEL structure (see Table 9.2). This is done in order to determine how many pairs
of Si02/Ti02 dielectric DBR are necessary in the “hybrid” DBR structure, to obtain a larger
bandwidth flat stopband, similar to those of the full Si02/Ti02 dielectric DBR structures.
Secondly, we describe the effect on the CM position in the reflectance spectra, of
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increasing thickness of the first Si0 2  layer of a number (here five) Si0 2 /Ti0 2  pairs grown 
on top of a partial visible VCSEL structure. We will compare a simulation of the 
reflectance for the latter stmcture, with different Si0 2  layer thicknesses and the measured 
reflectance for the corresponding stmctures grown with an electron beam evaporator. 
Adding a thicker layer of one of the DBR layers close to the active cavity region should 
move the CM dip to longer wavelengths, by increasing the effective thickness of the cavity. 
This could be used to correct the position of the CM without the need for etching or 
regrowth when part of the top DBRs have been grown already.
9.2 Sample and experimental details
The first set of samples (labelled S1-S6) consists of square pieces (1x1 cm^) of wafer 
from two different visible VCSEL designs grown by International Quantum Electronics 
(IQE ; Cardiff, U.K.). SI is fi*om the AlGaAs-based DBR full VCSEL stmcture of same 
design as the earlier VCSEL sample V3 in Chapter 5 (the design is described in more detail 
in Table 9.1). S2 is from a wafer of similar design to SI, except the growth of the top DBR 
was stopped at the third top DBR pair, and the stmcture was terminated with a GaAs cap. 
We shall refer to this as the partial VCSEL stmcture (see Table 9.2 for stmctural details). 
For samples S3-S6, five, seven, nine and ten Si02/Ti02 dielectric DBR pahs (of 
thicknesses 1115 A and 694 Â) respectively were then grown on top of the last layer of the 
partial VCSEL stmcture (same as S2), in which I assisted Dr Xiang-min Li. The 
thicknesses di,2 of the material 1 and 2 (Si0 2 /Ti0 2  respectively) of known refractive index 
ni,2 constituting the alternated index layers of a DBR are such that di,2 = 
À^mis5ion/(4.ni,2(Àemission)). After a test growth, the actual thicknesses were slightly 
adjusted to improve the accuracy of the growth. The Si02/Ti02 dielectric layers were
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deposited by a Leybold electron beam evaporation by Dr Xiang-min Li, using SiOz and 
Ti20s source materials in an oxygen atmosphere at 10"^  mbar at 200®C.
The remaining samples (S7-S8) were fabricated from the same partial VCSEL 
structure, as described above, and with five Si02/Ti02 dielectric DBR pairs on top. This 
time, however, the thickness of the first Si02 dielectric layer deposited was fixed to 1115 
Â, 1415 Â and 1715 Â for samples S7, S8, and S9 respectively. This was done to monitor 
the CM reflectance dip wavelength shift with increasing cavity effective length and see if 
we could control the CM wavelength this way to coixect a possible misgrowth.
The R measurements were performed in air, at room temperature and at nonnal incidence 
between 500-850 mn The probe beam was supplied by a conventional tungsten-halogen 
lamp and monochiomator arrangement and the signals were detected with an Si photodiode 
and lock-in amplifier aixangement (see chapter 3). We used a visible beam splitter. A 475 
mn filter was also used to attenuate second order light from the Triax spectrometer. The 
resolution (FWHM) for all samples was 0.264 nm. All the spectra were corrected for the 
system response.
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Structure 81
Layer Material Composition 
(X, y)
Thickness
(pm)
Doping
36 GaAs 0.01 P
35 AI(x)GaAs 0.6 0.0316 P
34 AI{x)GaAs 0.95->0.6 0.01 P
33 AI(x)GaAs 0.95 0.0412 P
32 AI(x)GaAs 0.6->0.95 0.01 P
31x41 AI{x)GaAs 0.6 0.0384 P
30x41 AI(x)GaAs 0.95->0.6 0.01 P
29x41 AI(x)GaAs 0.95 0.0412 P
28x41 AI{x)GaAs 0.6->0.95 0.01 P
27 AI(x)GaAs 0.6 0.0384 P
26 AI(x)GaAs 0.95->0.6 0.01 P
25 AI{x)GaAs 0.99 0.03 P
24 AI{x)GaAs 0.95 0.0112 P23 AI(x)GaAs 0.6->0.95 0.01 P
22 AI(x)GaAs 0.6 0.0384 P
21 AI(x)GaAs 0.95->0.6 0.01 P
20 AI(x)GaAs 0.95 0.0464 P
19 (AI(x)Ga)ln(y)P 0.7, 0.5 0.1298 P
18 {AI(x)Ga)ln{y)P 0.3->0.7, 0.5 0.048 P
17 (AI(x)Ga)ln(y)P 0.3, 0.5 0.0015 Undoped
16x4 {AI{x)Ga)ln(y)P 0.3, 0.5 0.005 Undoped
15x4 Galn(x)P 0.0045 Undoped
14 (AI(x)Ga)ln(y)P 0.3, 0.5 0.0065 Undoped
13 (AI(x)Ga)in(y)P 0.7->0.3, 0.5 0.048 n
12 (AI(x)Ga)ln(y)P 0.7, 0.5 0.1298 n
11 AI(x)GaAs 0.95 0.0464 n
10 AI(x)GaAs 0.6->0.95 0.01 n
9 AI(x)GaAs 0.6 0.0384 n
8x63 AI{x)GaAs 0.95->0.6 0.01 n
7x63 AI{x)GaAs 0.95 0.0412 n
6x63 AI(x)GaAs 0.6->0.95 0.01 n
5x63 AI(x)GaAs 0.6 0.0384 n
4 AI{x)GaAs 0.95->0.6 0.01 n
3 AI(x)GaAs 0.95 0.0404 n
2 AI(x)GaAs 0->0.95 0.01 n
1 GaAs 0.5 n
Table 9.1 : Full VCSEL structure for sample SI. The arrow in the composition column describes the 
gradual change in tlie x composition.
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Structure S2
Layer Material Composition
(x,y)
Thickness
(pm)
Doping
39 GaAs 0.01 P
38 Ai(x)GaAs 0.5 0.0322 P
37 Ai(x)GaAs 0.95->0.5 0.01 P
36 Ai(x)GaAs 0.95 0.037 P
35 Ai(x)GaAs 0.5->0.95 0.01 P
34x3 Ai(x)GaAs 0.5 0.039 P
33x3 Ai(x)GaAs 0.95->0.5 0.01 P
32x3 Ai(x)GaAs 0.95 0.0424 P
31x3 Ai(x)GaAs 0.5->0.95 0.01 P
30 Ai(x)GaAs 0.5 0.039 P
29 Ai(x)GaAs 0.01 P
28 Ai(x)GaAs 0.98 0.03 P
27 AI(x)GaAs 0.95 0.0124 P
26 AI(x)GaAs 0.5->0.95 0.01 P
25 AI(x)GaAs 0.5 0.039 P
24 AI(x)GaAs 0.95->0.5 0.01 P
23 Ai(x)GaAs 0.95 0.0476 P
22 (Ai(x)Ga)!n(y)P 0.7, 0.5 0.0512 P
21 (Ai(x)Ga)in(y)P 0.3, 0.5 0.0328 Undoped
20x4 Galn(x)P 0.0045 Undoped
19x4 (A!(x)Ga)ln(y)P 0.3, 0.5 0.005 Undoped
18 (AI(x)Ga)ln(y)P 0.3, 0.5 0.0288 Undoped
17 (AI(x)Ga)ln(y)P 0.7, 0.5 0.0512 n
16 • AI(x)GaAs 0.95 0.0476 n
15 Ai(x)GaAs 0.5->0.95 0.01 n
14 Ai(x)GaAs 0.5 0.039 n
13x10 AI(x)GaAs 0.95->0.5 0.01 n
12x10 AI(x)GaAs 0.95 0.0424 n
11x10 Al(x)GaAs 0.5->0.95 0.01 n
10x10 AI(x)GaAs 0.5 0,039 n
9x43 Ai(x)GaAs 0.95->0.5 0.01 n
8x43 AI(x)GaAs 0.95 0.0424 n
7x43 AI(x)GaAs 0.5->0.95 0.01 n
6x43 Ai(x)GaAs 0.5 0.039 n
5 Ai(x)GaAs 0.95->0.5 0.01 n
4 Ai(x)GaAs 0.95 0.04 n
3 Ai(x)GaAs 0.5->0.95 0.01 n
2 GaAs 1 N
1 Ai(x)GaAs 0.5 0.5 N
Table 9.2 : Partial VCSEL structure for sample S2. This essentially the same structure as SI except 
the growth is stopped after three top DBR pairs terminated by a GaAs cap. The arrow in tire 
composition colimin describes tlie gradual change in the x composition.
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9.3 Results and discussion
9.3.1 Reflectance measurement of sti'uctures with increasing 
numbers of top Si02/Ti02 dielectric DBRs
Figure 9.1.a shows the normalised reflectance spectra for the partial VCSEL 
structures S2-S6 (see Table 9.2), with various numbers of pairs of dielectric layers 
Si02/Ti02 grown on top of their AlxiGai.xiAs/Alx2Ga i-x2As top DBR. The lowest spectrum 
in Figure 9.1.a is the reflectance from the partial VCSEL stmcture (S2) with no added 
Si02/Ti02 dielectric DBR pairs. One notes the presence of many dips in the spectmm - 
there is no real flat stopband and the dip corresponding to the CM is very wide (FWHM = 4 
mn). The second spectmm from the bottom (S3) conesponds to the reflectivity of the same 
stmcture but with five Si02/Ti02 dielectric pairs added on top. The stopband is clearly flat 
(the slight slope seen in all spectra is due to a slight inaccuracy in the correction for the 
system response) over a dramatically wider range of wavelength (~150 nm) compared to 
that of the AlxiGai.xiAs/Ax2Gai.x2As DBR. However, interference oscillations are still 
visible at longer wavelengths within the stopband. S4, S5 and S6 have seven, nine and ten 
Si02/Ti02 dielectric DBR pairs, respectively, and display practically no interference 
oscillation in their very wide stopband. This re-emphasises the interest in using a top 
Si02/Ti02 dielectric DBR stmcture, which is that a wider stopband is easier to align with 
the bottom AlxiGai.xiAs/A x2Ga i-x2As DBR; Slight errors in the growth could shift the 
stopband without causing any significant dr op in R.
194
Chapter 9 : *SiO,/TiO, hybrid VCSEL”
+10 SiOj/TiOj delectric DBR pairs
I
8I
f1
oz Partial struGfu IB 
AlGaAs DBR only
0.8
(5
§  0.4 
§
1 0.211I 0.0
500 550 650 700 750600 800 850
Wavelength (nm)
Figure 9.1 : a) Normalised normal incidence reflectance spectra of S2-S6 -  partial structure (see 
Table 9.2) with zero, five, seven, nine and ten added SiOg/TiOz dielectric DBR pairs respectively, 
b) Normalised noimal incidence reflectance spectrum of SI - full VCSEL stiuctuie (see Table 9.1).
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Indeed, their stopband is ~200 nm wide as opposed to ~25 mn for the full structure SI 
displayed in Figure 9.1.b. The CM dip can be seen for samples S3 and S4, but becomes too 
shallow to be seen for samples S5 and S6 as the number of Si02/Ti02 dielectric pairs is 
increased. This is believed to be due to a resolution problem : once that CM width is 
<2.64mn (instrumental FWHM), it cannot be resolved anymore. The CM width in S3 and 
S4 is slightly wider (FWHM ~1 nm) than that of the full stmcture SI (FWHM -0.5 nm). 
From these results, it seems that it is only necessary to add seven Si02/Ti02 dielectric DBR 
pairs to obtain a wide stopband with no interference oscillations, which still displays a CM 
feature.
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Figui'e 9.2 : Simulated reflectance spectra o f S2-S6 referred to as S2sinrS6sim -  partial structui*e with 
zero, five, seven, nine and ten added SiOs/TiOz dielectric DBR pahs respectively, corresponding to 
measured R spectra in Figure 9.1.a
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A simulation of these stmctures was performed using the J. Woolam VASE program 
which is a software that allows to mn a spectroscopic ellypsometer but also to perform 
simulations of reflectivity spectra from a given stmctural model using a database of 
dielectric functions (see Figure 9.2). This program uses the Jones matrix model (see 
Chapter 2). The optical parameters for the AlGaAs and AlGalnP layers were taken from the 
Woolam database. For the SiOa and TiOa layers, they were deduced by Dr Xiang-min Li 
from fitting spectroscopic ellypsometry measurements of a single layer deposited on an Si 
substrate with a model provided by the Woolam program using a Cauchy material fit. The 
simulation reflectance spectra are clearly very similar to the experiment. In particular, as in 
the experiment, the CM dip FWHM decreases till the dip becomes almost non-existent, as 
the number of Si02/Ti02 dielectric DBR pairs is increased. Also, the stopband becomes 
wider and displays less interference features on its sides as in the experiment. The 
stopband shift seen for the measured spectmm S3 in Figure 9.1.a, is due to the difficulty in 
calibrating the evaporator to obtain the correct DBR layer thicknesses.
These results show that we were able to grow good quality Si02/Ti02 dielectric DBR
stmctures with a large bandwidth stopband. Also it shows that growing Si02/Ti02 dielectric 
«
DBRs as part of the top DBR of a AlGaAs-based DBR stmcture can be interesting.
9.3.2 Influence of the thickness of the first S1O2 dielectric layer on 
the CM wavelength
As mentioned earlier, it is of interest to be able to find a way of correcting a 
misgrowth of the cavity when the DBR growth has already taken place. Next, we 
demonstrate that changing the thickness of a DBR layer close to the cavity can shift the CM 
wavelength by a small amount.
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9.3.2.1 Reflectance simulation
We performed a simulation of the reflectance of the partial VCSEL structure with 
only three top AlGaAs DBR pairs, a GaAs layer and five added SiOz/TiO] dielectric DBR 
pairs on top (for sample 87), using the J. Woolam VASE program. The spectrum labelled 
‘sim S7’ in Figure 9.4 is the simulated reflectance for the partial structure with five 
Si02/Ti02 dielectric DBR pairs on top. The spectra labelled ‘sim S8’ and ‘sim S9’ are the 
simulated reflectance for the latter structure, except the first Si0 2  layer thickness is 
increased from 1115 À by 300 Â (sample S8) and 600 Â (sample S9), respectively (see 
Figure 9.3).
5 Si02/ TiOz 
DBR pairs
-3 AlGaAs-based 
DBR pairs
Active region 
with QWs
-60 
AlGaAs-based 
DBR pairs
Substrate
Ti0 2  layer 
(694 A)
Si0 2  layer 
(1115 A)
First Si02 layer
+At A)
( b )
Figure 9.3 : (a) Schematic of the partial VCSEL structure with five added Si02 / Ti02 dielectric 
DBR pairs on top. (b) Zoom in the top of the structure. The first SiO: layer on top of the 3 AlGaAs- 
based DBR pairs has a different thickness depending on the sample. For S7 Æ = 0 A and the first 
Si02 layer thickness is 1115 A. For S8 and S9, At = 300 A and 600 A, and their first SiO: layer 
thickness is 1415 A and 1715 A, respectively.
The resulting simulations showed that increasing the thickness of the first Si02 
dielectric layer could move the CM by a small amount and therefore could be used to 
correct a slight misgrowth of the cavity. The model shows that increasing the first Si02
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layer thickness by 300 Â should increase the CM wavelength by 1 nm. Further increasing it 
by 300 Â should increase it by another 1 nm (see figure 9.4). In a simple approach, this can 
be explained as follows: increasing the thickness of a layer close to the cavity indeed 
increases the effective cavity length therefore shifting the CM to longer wavelength. Since, 
there are only few top AlGaAs mirror pairs, the first SiOa layer and the Si02/Ti02 stacks 
have a strong effect on the structure. Also noticeable in the Figure 9.4 is that the 
reflectance stopband starts showing more oscillations at lower wavelength when the Si0 2  
layer thickness is increased.
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Figuie 9.4: Simulated reflectance specUa for the partial VCSEL structure with 5 added SiOz/TiOz 
dielectric DBR pahs (sim S7) and the same structure with tlie first Si02 layer thickness increase by 
300 A (sim S8) and 600 A (sim S9).
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9.3.2.2 Experiment
To check the results of this simulation, samples were prepared with the identical 
nominal structure except for the SiOg layer. To minimise the difference between the 
samples due to the different growth runs, the evaporation was done in the followmg order. 
First, 300 Â of SiOi were evaporated on sample S8 and S9 in a same growth run, then 
sample SB was taken out of the evaporating chamber and a further 300 Â were evaporated 
on sample S9. Finally, samples S7 and S8 were returned to the evaporating chamber 
together with S9, and the rest of the structure (five SiO] (1115 Â)/Ti02 (694 Â) DBR pairs) 
was evaporated. This way the Si02/Ti02 dielectric DBRs for all samples should be almost 
identical except for the first layer.
Reflectance measurements were then performed on the final structures (see figure 
9.5). Overall, there is a good agreement between the simulation and the experiment. These 
spectra show that the stopbands get slightly wider for S7, SB, and then S9 (-200-225 nm) 
similarly to the behaviour of the simulated spectra but are slightly blue shifted (-50 nm) 
compared to the simulation. We interpret this as due to growth uncertainties. As seen in the 
simulation, there are increasing oscillations appearing in the stopband at lower wavelengths 
as the thickness of the first Si02 layer is increased. The results also show that the CM 
wavelength increases as the first SiO: layer thickness is increased.
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Figure 9.5: Experimental reflectance spectra for the partial VCSEL structure with five added 
SiOi/TiOz dielectric DBR pairs (S7) and tlie same structur*e with the first SiOi layer thickness 
increase by 300 A (S8) and 600 A (89).
Figure 9.6 displays the CM wavelength as a function of the first SiOi layer thickness 
for the simulation data (filled triangles), the experimental data (filled squares) and the 
expected values for the experimental data. The latter are obtained by adding the CM 
wavelength shift seen in the simulation between sim 87 and the other structures sim 88 and 
sim 89, to the experimental CM wavelength of sample 87 (open circles). The eiTor bars on 
the experimental results describe the inhomogeneity of the wafer from which the samples 
were cut. The error bars on the expected values of the CM wavelength were found by
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allowing a fluctuation of 1% in the SiOi/TiOi dielectric DBR layers thicknesses in the 
simulation.
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Figui'e 9.6 : CM shift as a function of the fkst SiOs layer thickness for the simulation data (filled 
triangles), tlie experimental data (filled squares) and tlie expected values for the experimental data 
(open circles). The top axis gives the first SiO  ^layer thickness increase.
From the simulation, we would have expected to see the CM wavelength to increase 
by 1 nm per added SiO] thickness of 300 Â. However, as shown in Figure 9.6, although the 
CM wavelength increases as the Si02 layer thickness is increased, it does not increase as 
much as in the simulation within the error bars.
One last simulation (see Figure 9.7) shows that the more underlying AlGaAs-based 
DBR layer pairs, and therefore the “further away” the first SiÜ2 layer fi*om the cavity, the 
less the CM shifts with increasing thickness of the first Si02 layer. When no AlGaAs-based 
DBR is grown between the cavity and the Si02/Ti02 dielectric DBR stack, increasing the 
first Si02 layer thickness by 600 Â from 1115 A will shift the CM to longer wavelengths by 
~5 nm. Witl^ thiee pairs of AlGaAs DBR, the CM is shifted by ~3 nm. With six pairs of
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AlGaAs DBR the CM is shifted by ~1 nm. Finally with ten pairs of AlGaAs DBR, the CM 
is shifted by a negligible amount less than 1 nm. This emphasises the fact that, if this 
technique is to be used to correct a misgrowth of the cavity, it has to be done very early in 
the growth of the top DBR, before too many top layers are grown.
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Figure 9.7 : CM shift as a function o f the first SiOz layer thickness for the simulation for different 
structures including zero (open circles), three (upward open triangles), six (downward open 
triangles) and ten (open squares) AlGaAs-based DBRs between the cavity and the SiOz/TiOz DBR 
stack. The solid lines show a linear fit to these simulations. The top axis gives the first SiOz layer 
thickness increase from the initial thickness 1115 A.
9.4 Summary
This chapter showed that we can successfully grow SiOz/TiOz DBR pairs on a visible 
VCSEL partial structure with only a few AlGaAs-based top DBR layers. The results show 
that adding SiOz/TiOz dielectric DBR pairs for, or as part of, the top DBR structure of a
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normal semiconductor-based DBR VCSEL stmctiue, is interesting and usefiil for the 
following reasons. Firstly, it results in a very wide stopband which is therefore easily 
aligned with the narrower bottom DBR stopband. Secondly, only a few SiOz/TiOz 
dielectric DBR pairs (~5 pairs) are necessary to achieve the high reflectivity stopband. This 
minimises the risk of growth deviation. Thirdly, such stmctures should also be more easily 
characterised with optical non-destructive non-contact techniques because they have very 
high DBR layer bandgap energies. Therefore the DBR absorb practically none of the 
exiting light in either PL or PR measurements. These characterisation techniques could be 
investigate for these sorts of stmctures in the ftiture to check for these expected advantages. 
The second part of this work showed that changing the thickness of the first SiOz layer 
could be used to retune the position of the CM. The simulation predicted a change of 1 nm 
per 300 Â of thickness increase, for a stmcture with three AlGaAs DBR pairs between the 
cavity and the SiOz/TiOz dielectric DBR stack. The experiment did indeed show an 
increase of the CM wavelength but not as much as predicted. We think that this could be 
due to the inhomogeneity of the wafer from which the three samples were taken. Also the 
electron beam evaporator used may need more precise tuning. This experiment should be 
done again with better samples and more accurate tuning of the equipment. We also 
showed that simulations predict that such CM retuning is best done as early as possible in 
the top DBR growth, since it is most efficient here.
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Chapter 10
Thesis summary and future work
In this thesis, we have seen that semiconductor laser structures can be 
characterised in many ways. The emphasis was laid on non-destructive and if possible 
non-contact techniques. In the case of vertical-cavity surface-emitting lasers (VCSELs) 
and resonant-cavity light emitting diodes (RCLEDs), the highly reflective distributed 
Bragg reflectors (DBRs) reflect back into the sample pait of the excited photo­
luminescence (PL), which is the measurement usually performed for conventional 
semiconductor laser characterisation. Here, the PL which escapes has peaks, which 
coiTesponds to dips in the DBR reflectivity, giving a distorted image of the QW 
luminescence. In contrast, modulated reflectance (MR), is a very powerful tool that 
can provide information about the inner structure of the sample studied even in the case 
of surface-emitting structures with DBRs. For such structures (VCSELs and RCLEDs), 
MR provides information simultaneously about two vital parameters : the cavity mode 
(CM) and the quantum well (QW) ground state transition energies, that must be aligned 
at the device working temperature. However, it can provide much more information 
(e.g. QW higher order transition (HOT) energies, field values in the structure, etc.). Two 
types of MR have been studied throughout this thesis: 1) photo-modulated reflectance 
(PR), which has the advantage of being totally non-contact as well as non-destructive ; 
and electro-modulated reflectance (ER), which can be also be non-destructive although
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the samples need to be touched slightly by the transparent electrode used to apply the 
electrical modulation. They could both potentially be used for in-line monitoring. MR 
can be performed as a function of the angle of incidence of the probe beam in order 
to move the CM towards higher energies  ^ or as a function of increasing temperature (T) 
to decrease both the CM the QW energies  ^ (although the latter more rapidly). Several 
techniques can be used to analyse these series of or T-dependent MR spectra 
depending on the sample properties. If QW features are directly observable in PR, the 
“MR modulus”  ^ or “lineshape fitting” with an appropriate model (see Chapter 2) can 
be used to deteraiine the CM and the QW transition energies. When no QW feature can 
be seen in the MR spectra, then, one makes a choice between the “MR symmetry”  ^or 
“MR amplitude resonance”  ^  ^ theories depending on the relative broadening of the CM 
and the QW {Pqw »  /cm or Fqw ~ Fcm respectively). These techniques allow one to 
infer the energy of the QW transition from the value of the CM energy obtained from 
reflectivity (R) measurements. Finally, the “virtual A82 plot” technique  ^  ^ , which 
requires only a single energy MR measurement at the CM energy {E cm ) for each 6 , can 
be used to determine the QW groundstate energy {Eqw) directly. It is important for the 
last three techniques, that the range of energy swept by Ecm using its ^dependence 
completely crosses over the QW transition energy of interest (groundstate or higher 
order). On the other hand, if the temperature is increased to shift the QW energy, it is 
necessary that the rapidly decreasing QW energy fully overtakes the slowly decreasing 
E cm - It is important to note that these techniques will only work if Eqw > E qm  at nonnal 
incidence and room temperature (RT).
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Other techniques were used as corroborative measurements : 1) PL, provided the 
structures studied do not have DBRs (e.g. edge emitting lasers) and the overlaying 
layers are not absorbing, can give information about the Eqw ; 2) front- and edge- 
electro-luminescence (EL)  ^ which provide information about both E cm  and E qw  ; 3) 
reflectivity (R) which usually only gives infoimation about the Ecm at the considered 0 
and the quality of the DBRs.
Chapter 2 summarised band structure engineering improvements realised over 
the yeai's, and thereby advances in semiconductor lasers. Then, it explained the theory 
necessary to understand the mechanism of such characterisation techniques used in this 
thesis.
Chapter 3 described the different set ups and experimental conditions necessary 
to realise these measurements.
Chapter 4, showed that 0- and T-dependent PR peifoimed on RCLEDs gives 
excellent results as several QW features are directly observable in the spectra. This is 
less common in VCSELs due to their high reflectivity DBR stacks. We suimise that the 
reduced number of top DBR layers and thereby the reduced reflectivity is the cause of 
such improvement. The “modulus method” was therefore used with success at different 
angles and temperatures to get a first estimate of the QW transition energies in the 
RCLEDs. “Lineshape fitting” with a new simplified model was also used in the RT 
measurements. The fit was of very good quality and the results in accordance with the 
rest of the values obtained using different techniques. Here, the direct and unambiguous 
observation of excitonic features in these PR spectra gave us an unusual opportunity to 
check the proposed PR amplitude resonance, virtual As2 plot and symmetry experiments
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using T-^-variation : since these somewhat indirect techniques provided estimates of 
Eqw which agreed well with direct PR observations in these samples, then confidence in 
using the indirect methods is be increased in the more difficult situations where no QW 
feature is observable in PR, We studied the resonance effects taking place between the 
CM and QW ground-state and HOTs in five red emitting RCLED structures (samples 
A-E), using and T- dependent non-contact, non-destructive R and PR spectroscopy. 
We found that both methods worked well for samples B, C, D, and E, showing clear PR 
amplitude resonances at the expected angles/temperatures, and yielding good estimates 
of Eqw- It was shown that the presence of subsidiaiy dips in the R spectra, which is 
common in RCLED structures, can also lead to resonances between the QW transitions 
and those side dips (a HOT energy could be deteimined in this way). We also 
demonstrated that, at temperatures where the QW and CM (or a subsidiary dip) features 
can be made to cross by angle-tuning, the simple virtual ÂS2 plot, can be used to deduce 
E q w - This last method is of interest because while being non-contact and non­
destructive like any PR technique, it is much quicker than the two other methods, when 
applicable as it only requires a single energy measurement instead of a full spectmm at 
each 6. Finally, the symmetry method, which only allows one to infer the QW ground 
state transition, but is quicker as it only requires two measurements, was performed on 
one of the samples which displays a peculiar symmetry behaviour as the CM is tuned 
through the QW. It gave more accurate results than that of the resonance theory for 
sample A, which was consequently found to have Fq^ v »  Fcm- This emphasises the fact 
that the choice between the PR amplitude resonance and the symmetry techniques must 
be made with caie, especially if the respective broadenings of the QW and the CM are
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not obvious. For these three methods using T~ as well as ^tuning increases the range of 
energies possible for overlap of the CM and QW features. Edge emission EL was used 
as a corroborative measurement to check the QW ground state transition energy.
In Chapter 5, we have studied front- and edge-EL of five different red emitting 
edge emitting lasers (EELs) and their corresponding VCSELs of similar designs. These 
measurements were found to be potentially very useful for post gi'owth non-destructive 
chai'acterisation of VCSELs at RT. First, the front emission could be used to confii'm 
E cm  very accurately. We then explained that, due to reabsorption in the active medium, 
the edge emission EL could be red-shifted from the true QW luminescence. This red- 
shift was shown to vaiy depending on the laser structure studied. For the red emitting 
VCSELs studied in this chapter, this shift was found to be mainly dependent on the 
absorption broadening, and to increase for longer emission wavelength lasers. This is 
thought to be due to increased inhomogeneity, and hence larger broadening, of the 
absorption of the active medium at these wavelengths. In order to use edge-EL as a 
characterisation technique for a structure that is a priori unknown, it is necessary firstly 
to determine if a substantial red-shift occurs, and if so, a phenomenological expression 
needs to be established to enable one to find the red-shift value for a given structure. 
Furthermore, if the inhomogeneous broadening is not too large, the QW composition 
and strain of the structures could in theory be found from the difference between the TE 
and TM edge emission EL peaks wavelengths. The experiments did indeed show that, 
as at short emission wavelengths (i.e. lower strain levels), tlie wavelength difference 
between the TE and TM edge emission EL follows the theoretically calculated curve. 
However, this is not the case at longer wavelengths and this technique must therefore be 
used with care. Although this study was conducted on red emitting VCSELs, this
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technique can be applied to VCSELs emitting anywhere between 400 nm and 2000 nm 
(determined by the transparency window of the ITO coated glass electrode).
In Chapter 6, we have shown that the two 850 nm IRVCSEL structures studied 
display several clear QW transition features in their PR spectra. Therefore, an initial 
characterisation using the PR modulus analysis was performed and gave information 
about the CM and two QW transitions. A third QW transition energy could be estimated 
from the PR spectra or their modulus, but its energy could not be deteimined precisely. 
The virtual A£2 plot method was applied too, as used previously with success on an 
RCLED structure in Chapter 4, It was found to give accurate results not only for the 
QW ground state energy but also for one HOT energy as well. Finally, a new 
phenomenon was reported in this chapter, which could simplify greatly the 
chai'acterisation of structures like these if our interpretation is found to be correct. This 
involves analysing the area of the CM dip in R for each 6, and gave energy values for 
three QW transition energies. Although, this still needs more work, this method is 
potentially very interesting to use as a chai'acterisation method as it may give as much 
(even more in this case) infoi'mation than the other techniques described eailier. Also, 
the R measurements necessary, as well as being non contact and non destructive, are 
relatively quick and easy to perform.
In Chapter 7, we studied a 980 nm emitting VCSEL structure which did not
display any QW feature in its PR spectra. In such a case, and if Fqw »  Fcm, we
showed that the symmetry theory is a reliable tool to find the QW ground state energy.
The single coupled CM-QW PR feature displays an antisymmetrical lineshape at E -
E q w  allowing one to infer the E qw , as E cm  is tuned through E qw - Simulation of the PR
spectra was performed to find out F qw , and verify the symmetry change observed in the
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experiments. The PR spectra were then fitted with an empirical lineshape model the 
phase parameter (^) of which is directly related to the symmetry of the PR feature (e.g. 
the PR lineshape will be antisymmetrical when ^= 0 ). This way, with only two PR 
measurements and their (j) values, plotting the linear dependence (j) with the energy of 
the coupled CM-QW PR feature will yield the energy of the antisymmetrical PR feature 
and thereby Eqw- This theory was further verified with the study of a red RCLED with 
comparatively few top DBR layers in C hapter 4. The interest of this RCLED structure 
is that it not only displayed a change in symmetry as the CM was tuned through the Eqw 
but the QW gi'ound state excitonic feature was also seen in the PR spectra. Since Eqw 
was loiown, it allowed one to check very precisely the symmetry theory described in 
this chapter.
The aim of the study of the four 1450 nm edge emitter lasers préfabrication wafers
described in Chapter 8 was to determine which of the present, or possibly future,
designs is best suited for high power Raman amplifier pump applications. The ER
measurements perfoimed on the wafers displayed clear features corresponding to
several QW transitions and the waveguide-core/barrier transition energies. Therefore,
the modulus of the ER spectra could provide initial estimates of those, and the
waveguide-core/barrier bandgap (Eg). The estimates of the QW transition energies were
refined by least-squares fitting. Preliminary spontaneous emission (SE) measurements
on devices, and PL on the wafers, provided corroboration for the ER analyses
performed these the wafers. Further analyses of the waveguide-core/baiiier ER spectra
confiiTned the Eg obtained from the ER modulus spectra. These methods were : least-
squares fitting of the waveguide-core/baiiier ER spectra and/or ; a new method of
analysing the Franz Keldysh oscillation (FKO) extrema combining the Fj- and j-plot
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graphical techniques This new technique allows Eg and the electro-optic energy fiQ,,
to be obtained even when there is no a-priori knowledge of the parameters normally 
necessary (phase or Eg) for these standard graphical analyses. From these results, the 
composition of the waveguide-core/baiiier and the built-in static electric field could be 
deteimined. Finally, this field was compared with that predicted from a numerical 
solution of Poisson’s equation for the structures, and was found to be of the same order 
as the maximum field of the structures. The much smaller field predicted in the QWs 
had a negligible effect on the QW transition energies calculated by k.p theory. The 
theoretically calculated QW energies were compaied to the ER fitting results in order to 
determine the transitions in the QW, and a match was achieved by varying only the well 
widths in the model. The chai'acterisation of these edge emitter laser structures 
demonstrated that ER is potentially a powerful non destructive tool that can be used for 
accurate post-growth characterisation of semiconductor edge emitting laser structures. 
ER can give an accurate and complete set of information about the QW and waveguide- 
core/baiiier regions, prior to actual device fabrication, such as transition energies, 
compositions, thicknesses, and the maximum built-in field from the structure 
unconfined regions.
Finally, in Chapter 9, the interest of “hybrid SiOz/TiOz VCSEL” structures was 
demonstrated. We successfully grew SiOz/TiOz DBR pairs on a visible partial VCSEL 
structure with only a few AlGaAs-based top DBR layer pairs. The experiment showed 
that very few pairs (~5) of SiOz/TiOz were necessary to achieve the high reflectivity 
stopband, minimising the risks of growth deviations. We also showed that the stopband 
covered a much laiger wavelength range than that of usual AlGaAs-base DBRs and is
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therefore easier to align with the naiTower AlGaAs-based bottom DBR. Furthermore, as 
predicted from the simulation, it was experimentally demonstrated that increasing the 
thickness of the first SiOz DBR layer deposited on the partial structure shifts the CM 
wavelength to longer wavelengths. This shift should, however, be larger the earlier in 
the process it is peifoimed. This is of potential interest to use as a coiTective method 
during the top DBR growth of VCSELs or RCLEDs, if the cavity has been grown out of 
specification.
We have demonstrated in this thesis that many non-destructive, and sometimes 
also non-contact, measurements can be performed to characterise a wide range of laser 
structure préfabrication wafers. The main ones are PR, ER, R, PL and front- and edge- 
EL. All these techniques can potentially be used in the growth industry for in-line 
monitoring and can be analysed using different techniques. However, for each new type 
of structure, a comprehensive preliminary analysis must be done to determine which 
characterisation measurements and techniques are the most appropriate. Then a 
compromise must be made between the measurement accuracy needed and the 
chai'acterisation time required. Some structures, such as the red emitting RCLEDs, the 
850 nm VCSELs and the 1450 nm edge emitter lasers studied in this thesis, show clear 
MR QW and/or baiiier features. In these cases, a simple MR modulus analysis or a 
lineshape fitting can be peifonned. However, for surface emitting structures, other 
techniques such as the MR symmetry, the MR amplitude resonance or the virtual Asz 
plot could also be chosen as they may be less time consuming. Other structures such as 
the 980 nm VCSEL studied here do not display any feature coiTesponding to the QW in 
their MR spectra. For these, it is necessary to use the MR symmetry, MR amplitude 
resonance or the virtual Ae2 plot techniques. For VCSELs, R usually provides
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information about the CM and the DBR quality only. However, as seen in Chapter 6, in 
cases like the 850 nm VCSELs studied, the CM dip area provides information about the 
QW transition energies. This again could be of potential interest as the R experiments 
are relatively easy and quick to perform. For structures presenting FKOs in their MR 
spectra, such as the 1450 nm edge emitters studied in Chapter 8, the maximum built-in 
field of the structure can be determined from the FKO analysis. As to coiToborative 
measurements, Chapter 5 shows that front- and edge-EL are useful to confirm Ecm and 
Eqw, respectively, in surface emitting structures. However, in some cases a coixective 
wavelength shift must be subtracted from the edge-EL to obtain the true QW 
luminescence. This shift must be determined for any new type of structure and if it is 
substantial, it has to be subtracted. Finally, as explained above, PL can only be used for 
structures with low reflectivity surfaces and non absorptive layers overlying the region 
of interest.
For future work, several fields can be further explored. First, it is important to 
pursue the study started in Chapter 6 with a simulation, in order to fully understand the 
mechanism related to the peculiar behaviour of the R CM dip area. Our early 
interpretation of its relation with an interaction with the QW transition energies must be 
verified. Secondly, a further development would be to set up a contactless ER 
experiment using a recently acquired ER sample holder that allows one to modulate the 
sample by applying a high field to a grid situated less than a mm away from the sample 
surface. This would be of more interest than the foim of ER used in this thesis, for the 
growth industry which eventually looks for totally non contact solutions for 
characterisation. Thirdly, spectroscopic characterisation and photo-pumping (PP) 
measurements should be performed on the hybrid VCSEL structures studied in Chapter
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9 to verify the hypothesis that the replacement of usual AIGaAs-based DBRs by 
Si02/Ti02 DBRs make these spectroscopic characterisation techniques easier and check 
if PP is possible. Also, the experiment of varying the thickness of first Si02 layer should 
be repeated with possibly more care to verify our initial results. Finally, characterisation 
of different newly-developing structures, such as blue emitting RCLEDs and 1.3-1.5 pm 
infrared VCSELs, would be a good addition to this study. Our recent contactless ER 
(CER) / R characterisation of an early generation GaN based blue emitting RCLED 
showed a fixed CER feature around 350 nm with increasing 0 (not described in this 
thesis). However, the experimental set up needs to be improved as it does not allow the 
characterisation of structures emitting below 300 nm whereas, the QWs of the GaN- 
based RCLED are aimed to emit at wavelengths lying in the 200-300 nm range.
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